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One of the main challenges facing power generation by fuel cells is the difficulties of hydrogen 
fuel storage. Several methods have been suggested and studied by researchers to overcome this 
problem. Among these methods, using a fuel reformer as one of the components of the fuel 
cell system is considered a practical and promising alternative to hydrogen storage. Among 
many hydrogen carrier fuels that can be used in reformers, methanol is one of the most 
attractive due to its distinctive properties. Methanol reformate gas is ideal for feeding high 
temperature polymer electrolyte membrane fuel cells (HT-PEMFCs). Therefore, methanol 
reformate gas fueled HT-PEMFC systems are currently available in the market for portable, 
stationary and marine applications.  
 Although there are various reformer types to convert methanol to hydrogen rich syn-
gas, microchannel plate heat exchanger reformers have some advantages that increase the 
system efficiency and decrease the system size. In particular, the microchannel plate heat 
exchanger methanol reformer can be a promising candidate to meet size demands and improve 
the system efficiency and start-up time to produce power in the range of 100 to 500 W for 
auxiliary unit power (APU) applications. Furthermore, recent improvements in new catalyst 
types for methanol reforming can enable the next generation of microchannel methanol 
reformers with less weight and higher efficiency to be designed.  
 Modeling of the microchannel reformers can be helpful to design next generation 
reformers. In this thesis, firstly, a methanol reformer system to produce power using HT-
PEMFC for portable power generation applications is studied. This study is required for 
selecting inlet parameters for the multiphysics modeling of the microchannel methanol steam 
 
vii 
reformer in the second and the third studies. In this study, a detailed parametric study using 
computer simulations is conducted to estimate the effects of steam-to-carbon (SC) ratio, 
reformer temperature, current density of the fuel cell, fuel cell temperature, cathode 
stoichiometric ratio, hydrogen utilization, and rate of power production on the reformate gas 
composition, fuel cell performance, input fuel flow rate, and heat duties of the system 
components. In particular, the effects of the reformate gas composition at various fuel cell 
temperatures on HT-PEMFC performance were examined. The results confirm that the CO 
molar ratio in the reformate gas increases by decreasing the SC ratio and increasing the 
reformer temperature. However, the adverse effect of CO molar ratio on fuel cell performance 
decreases at elevated fuel cell temperatures. The fuel cell voltage decreases  by ~78% with the 
variation of the current density from 0.1 A/cm2 to 1 A/cm2 for 160oC fuel cell temperature and 
0.9% CO molar ratio in the reformate gas, while it decreases by ~61% for 180 oC fuel cell 
temperature. In addition, an increase in the fuel cell temperature from 160oC to 180oC, the 
input fuel flow rate to produce a given power generation from the system decreases, while 
enough heat is still available in the system to provide the heat requirement of different system 
components.  
 In the second study, a steady state multiphysics model of a microchannel methanol 
reformer for hydrogen production is developed and validated for the purpose of studying the 
effects of catalyst layer structural parameters and heat supply strategies on the reformer 
performance. The aim of this study is to generate hydrogen from the reformer that can be used 
in HT-PEMFCs. The dimensions of the reformer and inlet flow rate of methanol are selected 
to produce enough hydrogen to feed fuel cells in the range of 100 to 500 W. This study 
 
viii 
considers a 2-dimensional domain for the thin coating of the reforming catalyst to account for 
the internal diffusion limitations and the coating layer structural parameters. The 
multicomponent Maxwell-Stefan diffusion equation is implemented to account for diffusion 
fluxes inside the porous structure of the catalyst. The multiphysics model is validated using 
the reported experimental data by implementing four different reaction kinetics models of 
methanol steam reforming. This study considers the best fit kinetics model to evaluate the 
performance of the microchannel methanol reformer. The results show that the catalyst 
effectiveness factor is relatively low only at the entrance of the reformer for a catalyst layer 
thickness greater than 50 µm. In addition, this study reveals that for efficient use of the catalyst, 
the effective heat supply strategy should be improved. Additionally, the design feasibility of 
the segmented catalyst layer to achieve a certain amount of methanol conversion with less 
catalyst is demonstrated. It is revealed that for the same inlet conditions, the segmented catalyst 
layer design required 25% less reforming catalyst to achieve 90% conversion compared to the 
conventional continuous coating design.  
 In the last study, a numerical model is developed to predict the performance of a 
microchannel methanol steam reformer with different catalyst layer configurations to produce 
hydrogen-rich syngas for a HT-PEMFC. A solution schema is developed to compare 
continuous catalyst layer configurations and various segmented catalyst layer configurations 
without any convergence issue in the numerical analysis. In this work, heat is provided to the 
endothermic reforming-side via methanol combustion. The results show that higher heat 
transfer rates can be provided by applying segmented catalyst layer configurations, thus 
resulting in significant performance improvement of the microchannel methanol steam 
 
ix 
reformer. The results reveal that methanol conversion can be increased by ~25% by using 
segmented catalyst layer configurations with less catalyst in the reforming and combustion 
sides. The results also indicate that even though there is no significant improvement in 
methanol conversion with increasing catalyst layer thickness, the greater catalyst layer 
thickness provides the advantage of reduced high temperature elevations across the reformer 
length. Overall, the segmented catalyst layer configurations can play an important role in 
designing the next generation of microchannel reformers for fuel cell power generation 
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1.1 Motivation and Objectives 
Fuel cell (FC) technology is a promising technology for clean and efficient power generation. 
However, this technology is not widely used today. It is reported that the FC market size across 
the world was valued at only USD 3.21 billion in 2016 [1]. The most important reasons for this 
are: (1) the cost of this technology; (2) challenges related to hydrogen transportation, distribution 
and storage. 
The cost of FCs must be reduced in order to stimulate more investment in research and 
development (R&D), which would result in much needed improvements in this field. At the same 
time, the demand for these fuel cells in the marketplace must increase, and this would spur needed 
investment. In other words, it is necessary to determine the most effective way to facilitate the 
widespread use of FC technology. Recent studies [2-4] have shown that FC systems have the 
potential to become more common in the market for some niche applications such as backup power 
generators, forklifts, aircraft auxiliary power unit (APU) applications, power generation 
applications in off-grid locations, etc. In addition, Shaw et al. [5] report that military personal 
power generators, consumer battery rechargers, and specialized laptop computers are also 
promising applications that require power in the range of 100 and 500 W. 
Customers are willing to accept the higher price of fuel cell technology as compared to 
alternative technologies such as diesel generators and batteries for the niche markets mentioned 
above because of the unique combination of characteristics of the FC systems. These unique 
characteristics can be listed as: (1) quiet operation; (2) low emissions; (3) ability to operate in 
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extreme conditions; (4) relatively low maintenance costs; (5) quick refueling; (6) low vibration; 
(7) high fuel efficiency; (8) production of water and heat; (9) extended run time; (10) remote 
monitoring capability [2-5]. In particular, the extended run time is the most important motivation 
to prefer FC systems for these niche applications [2-4].  
Other important barriers related to FC systems becoming more commonplace in the market 
are the difficulties of hydrogen transportation, distribution, and storage. Specifically, hydrogen 
storage is a serious issue for FC systems, which desire extended run times. Storage is difficult 
because hydrogen exists at a very low density at standard temperature and pressure conditions. 
Therefore, the occupied volume of the hydrogen gas under standard temperature and pressure 
conditions is much higher than other fuels [6]. Different storage methods such as compressed 
hydrogen at very high pressures and cryogenic storage can be used to decrease the occupied 
volume of the hydrogen. However, there are serious challenges related to the current hydrogen 
storage methods; for example, the high pressure requirement for compressed storage of hydrogen 
is an important issue. Additionally, the volume requirement is still very high even at elevated 
pressures for the compressed storage. It is reported [7] that the volume requirement is about 150 L 
to store 6 kg of hydrogen at 700 bar. The issue related to cryogenic storage of hydrogen is the 
evaporation of hydrogen in the tank, which is called the boil-off phenomenon [7]. This causes 
hydrogen losses between 0.3% and 5% per day depending on the current storage tank technology 
[8]. To overcome challenges related to hydrogen transportation, distribution, and storage, methanol 
can be used directly in direct methanol fuel cells (DMFCs), or it can be converted to hydrogen rich 
syngas by employing various reforming methods to feed the FC systems, serving as a practical and 
promising alternative to hydrogen storage.   
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Some of the important advantages of methanol are: (1) It can be easily stored under many 
environmental conditions because the boiling point of methanol is equal to 65 oC; (2) The existing 
fuel infrastructure with limited changes can be used for methanol distribution; (3) It does not 
include sulfur contents; (4) Its reforming processes are easier than other fuels such as methane, 
diesel or ethanol because methanol reforming can be achieved at low temperatures with low steam 
to carbon (S/C) ratios [9,10].       
Due to the advantages of methanol mentioned above, it is currently used in the market as a 
fuel for some specific niche applications of FC power generation systems [11,12]. The direct usage 
of methanol without reforming is possible in DMFC systems; however, the DMFCs have cost 
limitations due to their high platinum content. Therefore, the DMFC systems in the market are 
generally used for small scale power generation applications of less than 100 W [2,11]. The 
methanol reformate gas fueled high temperature polymer electrolyte membrane fuel cells (HT-
PEMFCs) are preferred in the market for power generation higher than 100 W [12]. The main 
advantage of the HT-PEMFCs is that they can tolerate CO up to 3% because of their high operation 
temperatures [13]. Thus, the methanol reformate gas can be directly feed to the HT-PEMFCs stack 
without any additional equipment to remove CO [12].  
Steam reforming of methanol (SRM) is commonly used for commercial methanol 
reformate gas fueled HT-PEMFC systems [12] due to its higher efficiency than the other reforming 
processes. However, efficient and adequate heat transfer is very important for SRM because it is a 
highly endothermic process. Efficient heat transfer can be provided by using microchannel plate 
type heat exchanger reformers based on their high surface to volume ratio [14]. There are also 
other motivations to use microchannel plate heat exchanger reformers for the SRM process. The 
microchannel plate heat exchanger reformers improve the system dynamics, catalytic activity, and 
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mass transfer from the bulk flow to the catalyst surface [15-17]. Due to these advantages, higher 
performance can be obtained from the methanol reformate gas fueled HT-PEMFC systems with 
decreasing the system size. 
Although many studies have been conducted related to microchannel plate heat exchanger 
methanol reformers, there are still some questions which must be answered to aid in the efficient 
design of a new generation of microchannel methanol reformers. Therefore, the focus of this study 
is to develop a model for microchannel plate heat exchanger methanol reformers in order to answer 
specific questions about the design of a new generation of microchannel methanol reformers for 
HT-PEMFC systems. 
The main objectives of this thesis are as follows:  
• Analyze a methanol reformate gas fueled HT-PEMFC system for power generation 
in the range of 100 to 500 W to investigate the effects of the main operation 
parameters on the system. 
• Investigate the effects of temperature distribution on the performance of a 
microchannel methanol reformer. 
• Develop a two dimensional (2D) steady state model to understand the effects of 
catalyst layer thickness on a microchannel plate heat exchanger methanol reformer, 
while considering different catalyst layer structural characteristics. 
• Demonstrate the feasibility of various catalyst layer configurations to improve the 
performance of a microchannel plate heat exchanger methanol reformer and to 
decrease the amount of the catalyst needed. 
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1.2 Thesis Structure 
There are six chapters including the introduction and conclusion in this thesis. Chapter 2 has been 
submitted to a peer reviewed journal and Chapter 3 to 5 have been published in peer reviewed 
journals. Each chapter is briefly summarized below. 
Chapter 2 presents a critical review of the methanol reforming process. The main novelty 
of this chapter is its coverage of important aspects of methanol reforming processes for fuel cell 
power generation applications. In this chapter, the focus is on practical points related to methanol 
reforming. The chapter summarizes the recent studies related to this subject and explains 
promising applications of the methanol reformate gas fueled fuel cell systems. In the first section 
of this chapter, the studies covering the reforming of different fuels are presented and the 
characteristics of commercial reformate gas fueled systems are compared. Fuel reforming 
processes are also reviewed in this section. In the next section, advancements in methanol 
reforming technology are explained. The methanol reforming catalysts and reaction kinetics 
studies by various researchers are reviewed and the advantages and disadvantages of each catalyst 
are discussed; then the studies about different types of reformers are presented. In the last section 
of Chapter 2, methanol reformate gas fueled fuel cell systems are reviewed. Chapter 2 has been 
submitted to the International Journal of Energy Research.  
 Chapter 3 investigates the effects of different operational parameters on methanol 
reformate gas fueled HT-PEMFC systems for portable power generation applications. The system 
is simulated using Aspen Plus with Fortran calculator to conduct detailed parametric studies and 
estimate the system’s efficiency. The contents of this chapter have been published in the journal 
of Energy Conversion and Management after peer review [18]. The results obtained in Chapter 3 




 Chapter 4 presents a steady state 2D multiphysics model of a microchannel methanol 
steam reformer to investigate the effects of catalyst layer thickness on the performance of a 
microchannel methanol steam reformer. The effects of temperature distribution on the reformer 
are also studied for isothermal and nonisothermal situations. In addition, the feasibility of the 
segmented catalyst layer to decrease the amount of the catalyst is demonstrated. The main novelty 
of this chapter is its consideration of a 2D domain for the thin coating of the reforming catalyst to 
account for the internal diffusion limitations and coating catalyst`s properties. This chapter has 
been published in the journal of Energy and Fuels [6].  
 Chapter 5 presents various catalyst layer configurations for the microchannel plate heat 
exchanger methanol steam reformer. The model that is developed in Chapter 4 is expanded in this 
chapter. The heat for the endothermic methanol steam reforming reactions is provided by coupling 
catalytic methanol combustion reactions on the opposite side. A methodology is also presented in 
the chapter to solve convergence issues in the numerical analysis. In addition, the effects of catalyst 
layer thickness on the performance and the temperature distribution of the reformer with variation 
of the catalyst layer configurations are investigated. Furthermore, the power generation of a HT-
PEMFC stack is estimated for the optimal catalyst layer configurations. This chapter has been 
published by the journal of Energy Conversion and Management [19] after peer review. 
 Chapter 6 highlights the important results obtained in this thesis and gives 






An Overview of the Methanol Reforming Process: Comparison of 
Fuels, Catalysts, Reformers, and Systems 
The following chapter is a “pre-print” of an article accepted for publication in International 
Journal of Energy Research: 
Herdem MS, Younessi-Sinaki M, Farhad S, Hamdullahpur F. An overview of the methanol 
reforming process: comparison of fuels, catalysts, reformers and systems. Int. J. Energy Res. 
2019, accepted. 
The final, official version of the article can be downloaded from the journal`s website via this 
DOI link when it becomes available: 
DOI: 10.1002/er.4440 
2.1 Introduction 
Many organizations such as the World Energy Council [20], EIA [21], and IEA [22] predict that 
world energy requirements will dramatically increase in the near future. However, today, this 
increasing energy requirement issue is not sufficient to explain all of the studies in the energy field. 
To comprehend deeply, we should also consider the environment, energy security, affordable 
energy production, end use of energy including stationary power generation applications, portable 
power generation, applications, etc. In addition, one of these issues is sometimes more important 
than the others. For example, nowadays, energy security is a critical issue for the oil and gas 
importing countries because of the destabilization of these countries [23,24]. Of course, there is 
no magic to solve all of the issues related to energy. However, various unique solutions can be 
applied for each issue. Two possible solutions are diversification of energy supplies and choosing 
the appropriate technology for different applications.  
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Hydrogen is a very promising energy carrier to diversify our energy supply because it can 
be produced using a wide variety of sources, and it can be used for various purposes such as 
ammonia production [25], energy storage [26-29], methanol synthesis, diesel, and natural gas 
production [30]. 
Hydrogen as a fuel also has promising potential to produce power that is environmentally 
friendly and has high efficiency by employing fuel cells. One of the most important barriers to fuel 
cell systems becoming more commonplace for power generation applications - in particular for 
portable applications - involves the difficulties regarding hydrogen storage. Hydrogen has higher 
gravimetric energy density than hydrocarbon and alcohol fuels (see Fig. 1), but in terms of its 
volumetric energy density (Wh/l) it is significantly less dense than other fuels [31]. The reason is 
that the occupied volume of 1 kg of hydrogen as a gas under standard temperature and pressure 
conditions is much higher than that of hydrocarbon and alcohol fuels. For example, 1 kg of 
hydrogen has nearly six times as much energy (142 MJ) as compared to a kg of methanol (22.5 
MJ). However, the occupied volume of 1 kg of methanol at 25oC and 1 atm is about 1.26 L while 
this value is ~12300 L for 1 kg of hydrogen. To decrease the occupied volume of hydrogen, 
efficient methods of storage are required. These methods are: (1) Compressed gas at standard 
temperature and very high pressure; (2) Cryogenic liquid at standard pressure and 20 K; (3) 
Chemical storage by using Magnesium Hydride, Calcium Hydride, Sodium Hydride etc.; (4) 
Physical storage (metal organic framework) [8,32]. Despite the number of choices available, there 
are also many important issues related to these methods which need to be considered, such as the 
requirement of high pressure for compressed storage of hydrogen or expensive materials and very 
low temperatures for liquefaction of hydrogen [8]. To overcome these problems, alternative fuels 
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such as natural gas, ethanol, methanol, dimethyl ether (DME), gasoline and diesel can be converted 
to hydrogen rich gas using fuel reforming in order to provide the required fuel for fuel cells.  
The other important motivation for the reforming of natural gas, ethanol, methanol, DME, 
gasoline and diesel is that these fuels can be produced from biomass in an environmentally friendly 
way. Although there are some ethical and social issues related to the first generation biofuels 
derived from food feedstocks, the second-generation biofuels will be derived from non-edible 
feedstocks such as wood, agricultural residues, forestry waste and municipal wastes [33-36]. There 
are currently demonstration, pilot and commercial second-generation biofuel plants in operation 
[35]. In addition, the third and fourth generation biofuels will be derived from algae. This process 
is currently in the research and development stage and presents a very attractive option for the 
production of biofuels [35].  
Due to the aforementioned advantages of reforming alternative fuels, fuel reforming has 
received attention from a variety of research groups throughout the world. Many review studies 
have been undertaken to examine various aspects of fuel reforming. One of the early review papers 
was published by Haryanto et al. [37] in 2005 to examine and compare different catalysts (oxide 
catalysts, metal-mixture-based catalysts, and noble-metal-based catalysts) for steam reforming of 
ethanol (ESR). Contreras et al. [38] recently reviewed noble metals and non-noble metals as 
catalysts for ESR. They provided information about the major catalytic studies of ESR up to 2013. 
A review of solar thermal catalytic reforming of natural gas was conducted by Simakov et al. [39]. 
In this study, they presented equilibrium constraints of methane steam and dry reforming, and also 
critically evaluated recent studies related to various aspects of solar thermal reforming of methane 
catalysis. Sheu et al. [40] discussed recent developments and potential innovations such as 
chemical looping and membrane reactors in relation to solar methane reforming systems. Studies 
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of reforming processes for different types of fuels and the related hydrogen purification and CO 
reduction processes were reported by Qi et al. [41]. Hansen [42] focused on fuel processing 
systems with an emphasis on the industrial aspects of fuel cells and electrolyzers. LeValley et al. 
[43] introduced recent developments in steam reforming hydrogen production technologies and 
water gas shift catalysts. Recent and past research activities (such as catalyst development, reactor 
design and testing for reforming) and market applications for microreactors were explained in Ref. 
[15,44]. Iulionelli et al. [45] also provided an overview of studies on conventional and membrane 
reactors for methanol steam reforming. In addition to the mentioned studies, Sa et al. [46] 
illustrated the latest developments in copper-based and group 8-10 metal-based catalysts for 
methanol steam reforming, and Yong et al. [47] discussed methanol reforming Cu-based catalyst, 
surface reaction mechanisms, and reaction schemes. Palo et al. [48] in 2007 reviewed studies 
related to methanol steam reforming for hydrogen production to provide information about the 
methanol reforming systems, system challenges and catalysts. Sengodan et al. [49] recently (2018) 
discussed partial oxidation of methane, ethanol and methanol. They focused on recent 
improvements in catalysts for the partial oxidation of methane and alcohols.  In addition, Zang et 
al. [10] recently reviewed the latest progress and achievements in integrated methanol steam 
reformer high temperature polymer electrolyte membrane fuel cell (HT-PEMFC) power 
generation systems.  
As shown from the review papers mentioned above, there is no review paper in the 
literature that covers all of the aspects of methanol reforming. This review paper will mainly focus 
on current studies from 2010 to 2018 involving methanol reforming. Firstly, we will compare fuel 
reforming processes for different fuels by summarizing the works covering the reforming of 
different types of fuels using a thermodynamic framework. Secondly, we will discuss recent and 
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past research activities regarding methanol reforming. Then, different types of reformers and the 
effects of different parameters on methanol reforming will be explained. Information will then be 
provided on studies involving the integration of methanol reforming into reformate gas-fueled fuel 
cell systems. In this study, the main goal is to provide a clear definition of the key parameters and 
technologies used in methanol reforming for fuel cell applications.  
2.1.1 An Overview of the Fuel Reforming Process 
Fuel reforming is a conversion process whereby fuels are converted to hydrogen rich gas. Different 
types of fuels consisting of light hydrocarbons such as methane and ethane, liquid hydrocarbons 
such as diesel and jet fuels, and alcohols such as methanol and ethanol can be used for fuel 
reforming processes [50,51].  
Steam reforming, partial oxidation, and oxidative steam reforming (or autothermal 
reforming) are three different processes to convert hydrocarbon and alcohol fuels to hydrogen rich 
gas. Advantages and disadvantages of these processes are shown in Table 2-1. Fuel and steam 
react in steam reforming via an endothermic reaction. The main advantages of steam reforming 
are the highest hydrogen yield can be obtained and reforming temperature is lower than partial 
oxidation and oxidative steam reforming [52, 53]. However, start-up time and dynamic response 
are two important issues related to this reforming process [53]. Conversion of fuels to hydrogen 
rich gas with oxygen is called partial oxidation and is an exothermic reaction. Partial oxidation can 
be employed for quick start-up and dynamic response [52,53]. Although partial oxidation has quick 
start-up and better dynamic response, the lower hydrogen yield and relatively high processing 
temperature are important challenges with regards to this reforming process. To achieve the 
advantages of both steam and partial oxidation reforming, steam and a certain amount of air can 
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be used together. This process is called oxidative steam reforming. Oxidative steam reforming can 
be endothermic, exothermic or thermally neutral, when the heat of reaction is equal to zero. For 
the thermally neutral situation, the oxidative steam reforming is called autothermal reforming. 
 
Table 2-1 Advantages and disadvantages of reforming technologies (modified from [52,53]). 
Type Advantages Disadvantages 
Steam Reforming • Highest H2 yield 
• Oxygen not required 
• Most extensive industrial 
experience 
• Lowest process temperature 
• Best H2/CO ratio for H2 
production 
• Requires careful thermal 
management to provide heat 
for reaction, especially for (a) 
start-up and (b) dynamic 
response 
• Only works on certain fuels 
 
Partial Oxidation • Quick to start and respond 
because reaction is exothermic 
• Quick dynamic response 
• Less careful thermal management 
required 
• Works on many fuels 
• Low methane slip 
 
• Lowest H2 yield 
• Highest pollutant emissions 
(HCs, CO) 
• Low H2/CO ratio 
• Very high processing 
temperatures 
 
Autothermal reforming • Simplification of thermal 
management by combining 
exothermic and endothermic 
reactions in same process 
• Compact due to reduction in heat 
exchangers 
• Quick to start 
• Lower process temperature than 
partial oxidation 
• Low methane slip 
 
• Low H2 yield 
• Limited commercial 
experience 
• Requires careful control 
system design to balance 
exothermic and endothermic 




Global reactions for steam reforming, partial oxidation and oxidative steam reforming can 




Steam reforming of hydrocarbons: 
𝐶𝑥𝐻𝑦 + 𝑥𝐻2𝑂 ↔ 𝑥𝐶𝑂 + (
1
2
𝑦 + 𝑥)𝐻2 
(R.2.1) 
∆𝐻𝑜 = ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡, 𝑒𝑛𝑑𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐 
Steam reforming of methanol and ethanol: 
𝐶𝐻3𝑂𝐻 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 3𝐻2  ∆𝐻
𝑜 = +49 𝑘𝐽/𝑚𝑜𝑙 (R.2.2) 
𝐶𝐻3𝐶𝐻2𝑂𝐻 + 3𝐻2𝑂 ↔ 6𝐻2 + 2𝐶𝑂2  ∆𝐻
𝑜 = +173.3 𝑘𝐽/𝑚𝑜𝑙 (R.2.3) 












∆𝐻𝑜 = ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡, 𝑒𝑥𝑜𝑡ℎ𝑒𝑟𝑚𝑖𝑐 




(𝑂2 + 3.76𝑁2) ↔ 𝐶𝑂2 + 2𝐻2 + (
1
2
) 3.76𝑁2  ∆𝐻




(𝑂2 + 3.76𝑁2) ↔ 3𝐻2 + 2𝐶𝑂2 + (
3
2
) 3.76𝑁2  ∆𝐻
𝑜
= −552 𝑘𝐽/𝑚𝑜𝑙 
(R.2.6) 
Oxidative steam reforming of hydrocarbons: 
𝐶𝑥𝐻𝑦 + 𝑛(𝑂2 + 3.76𝑁2) + (𝑥 − 2𝑛)𝐻2𝑂 ↔ 𝑥𝐶𝑂 + (𝑥 − 2𝑛 +
𝑦
2
)𝐻2 + (𝑛)3.76𝑁2 
(R.2.7) 
∆𝐻𝑜 = ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡, 𝑎𝑛𝑑𝑜𝑥𝑦𝑔𝑒𝑛/𝑓𝑢𝑒𝑙𝑟𝑎𝑡𝑖𝑜 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡. (It can be 
endothermic, exothermic, or thermally neutral). 
Oxidative steam reforming of methanol and ethanol: 
𝐶𝑥𝐻𝑦𝑂𝑧 + 𝑛(𝑂2 + 3.76𝑁2) + (𝑥 − 2𝑛 − 𝑧)𝐻2𝑂
↔ 𝑥𝐶𝑂 + (𝑥 − 2𝑛 − 𝑧 +
𝑦
2
)𝐻2 + 𝑛(3.76)𝑁2              (R.2.8) 
∆𝐻𝑜 = 𝑐ℎ𝑎𝑛𝑔𝑒𝑎𝑏𝑙𝑒, 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛𝑜𝑥𝑦𝑔𝑒𝑛/𝑓𝑢𝑒𝑙 ratio 
Coke formation reactions should also be considered for the reforming process because coke 
formation can rapidly deactivate the catalyst and block the reactor [54]. Dominant reactions that 
are responsible for coke formation are given as follows [54-58]. 
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Coke formation by Boudouard reaction:  
2𝐶𝑂(𝑔) ↔ 𝐶𝑂2(𝑔) + 𝐶(𝑠)  ∆𝐻
𝑜 = −172.4 𝑘𝐽/𝑚𝑜𝑙                                        (R.2.9) 
Coke formation by CH4 decomposition: 
𝐶𝐻4 ↔ 2𝐻2 + 𝐶(𝑠)  ∆𝐻
𝑜 = +74.9 𝑘𝐽/𝑚𝑜𝑙                                      (R.2.10) 
Carbon monoxide reduction reaction: 
𝐶𝑂(𝑔) + 𝐻2(𝑔) ↔ 𝐻2𝑂(𝑔) + 𝐶(𝑠)  ∆𝐻
𝑜 = −130.4 𝑘𝐽/𝑚𝑜𝑙                                      (R.2.11) 
Carbon dioxide reduction reaction: 
𝐶𝑂2 + 2𝐻2 ↔ 𝐶 + 2𝐻2𝑂   ∆𝐻
𝑜 = −90.1 𝑘𝐽/𝑚𝑜𝑙                                      (R.2.12) 
2.2 Fuel Selection for Fuel Cell Applications and Reforming of Various Fuels 
Different fuels can be used to feed fuel cells for power generation. However, the main question is 
how we can choose a suitable fuel for fuel cell power generation systems. To select a fuel, we 
should consider the application area of the system. As shown in Fig. 2-1, the fuel cell systems can 
be used for different applications. Possible applications of fuel cell power generation systems need 
different desired system properties that are listed in Fig. 2-1. For example, on-site availability of 
the fuel and high efficiency to produce power and heat are important for stationary power 
applications while start-up time, weight and volume of the system, long-run time are desired 







Figure 2-1 Reforming fuel selection criteria for fuel cell power generation systems (Refs. 
[2,48,59,60]). 
To decide which fuel can be used for a particular application, different fuel properties such 
as density, boiling point, energy density, etc. should be considered. The properties and energy 
densities of various fuels are shown in Table 2-2 and Fig. 2-2, respectively. As seen in Table 2-2, 
the hydrogen density at gas phase is very low compared to the other fuels. The hydrogen density 
at 0 oC and 1 bar is only 0.09 kg m-3. Therefore, its energy density is only equal to 0.0127 MJ/L at 
0 oC and 1 bar. As illustrated in Fig. 2-2, the energy density of the hydrogen significantly increases 
at high pressures and 25 oC, and in the liquid phase at very low temperatures. However, its energy 
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density is still relatively lower than the other fuels. Due to the challenges related to hydrogen 
storage, hydrogen is not particularly suitable for the systems that need to run for long durations. 
Not only hydrogen storage but also hydrogen availability is a serious issue regarding usage of pure 
hydrogen for fuel cell power generation applications. To overcome these problems, reforming of 
alternative fuels can be used for the production of hydrogen rich syngas to feed a fuel cell. 
 
Figure 2-2 Energy density of different fuels. The values calculated by using the heating values and 
the density values in Table 1. The density values under given conditions on the figure for hydrogen 
were taken from Ref. [63], and the density under given condition on the figure for methane was 
taken from Ref. [64]. The energy densities at 0 oC and 1 bar for hydrogen and methane are 0.0127 








Table 2-2 Comparison of alternative fuels (Data from [6,61,62]) 
 Hydrogen Methane 
Dimethyl 
ether 
Methanol Ethanol Gasoline*1 Diesel*1 
Formula H2 CH4 CH3OCH3 CH3OH C2H5OH C7H16 C14H30 
Density 
[kg/m3] 
0.09*2 0.716*2 665 791*3 789*3 737*3 846*3 
C content 
wt.% 
0 75 52.2 37.5 52.1 86 86 
H2 content 
wt.% 
100 25 13 12.5 13 14 14 
LHV 
[MJ/kg] 
120 50 28.62 19.9 26.7 43.4 42.6 
HHV 
[MJ/kg] 
141.7 55.5 43 23 29.7 46.4 45.6 
Boiling point 
[oC] 






0 ~7-25 0 0 0 ~200 ~250 
*1The properties of these fuels depend on the composition. Average values are given on the table. 
*2 Density at P=1 bar and T=0 oC. 
*3 Density at P=1 bar and T=15 oC. 
*4 Mass basis. 
 
Table 2-3 Impurity tolerances, operating temperatures, and main applications of commonly used 
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One of the most important points that should be considered in choosing a reforming fuel 
for fuel cell power generation systems is the properties of fuel cell types. To obtain the desired 
system properties, different fuel cell types are integrated into the system. For example, solid oxide 
fuel cells (SOFC) are suitable when high efficiency for power and heat generation is desired, while 
low temperature polymer electrolyte membrane fuel cells (LT-PEMFC) are used when the start-
up time is critical for the power generation applications [59]. To select the best suitable reforming 
fuel for different fuel cell types, impurity tolerance levels of the fuel cells and the operation 
temperature of the fuel cells should be considered. In Table 2-3, impurity tolerance levels and 
operation temperatures for different types of fuel cells are shown. As shown in the table, all fuel 
cell types are sensitive to sulfur compounds. Therefore, sulfur levels must be  decreased if the fuel 
includes sulfur compounds (see Table 2-2). As seen also in Table 2-3, the CO level in the reformate 
gas must be less than a certain level for some types of fuel cells to prevent poisoning of the fuel 
cell catalyst. In addition, close or identical reformation temperature and the operation temperature 
of the fuel cells are significant advantages used to decrease the system complexity. 
Thermodynamic analysis is a practical tool to reveal optimum reformation temperature of 
various fuels and the effects of different operating parameters on the reformate gas composition. 
Therefore, thermodynamic analysis is commonly used in the literature in order to estimate the 
effects of reforming temperature, pressure, water-to-feed ratio, and oxygen-to-feed ratio on the 
equilibrium compositions of reforming processes, as well as to compare the feasibility of 
reforming various fuels and to obtain fundamental information such as coke formation boundaries 
and equilibrium conversion regarding different reforming processes. Garcia and Laborde [69] 
published in 1991 one of the early papers about thermodynamic analysis of the steam reforming 
of ethanol. Since then, there have been many papers related to thermodynamic analysis of 
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reforming different types of fuels. These papers are included in, but not limited to studies 
accomplished by Lutz et al. [70, 71] in 2003 and 2004, Ahmed and Krumpelt [72] in 2001, Fishtik 
et al. [73] in 2000, Lwin et al. [74] in 2000, Kang and Bae [75] in 2006, Liu et al. [76] in 2008, 
Shi and Bayless [77] in 2008, Authayanun et al. [78] in 2010, Li et al. [79] in 2011, Wang et al. 
[80] in 2012 and Cui and Kær in 2018 [81]. In these studies, Gibbs free energy minimization 
method has been commonly used to estimate equilibrium compositions of the reaction systems 
without requiring specific reactions, reaction kinetics, or catalyst information. For the Gibbs free 
energy minimization method, only possible components in the product must be defined. The Gibbs 
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Specified chemical reactions with equilibrium constants [39, 82] can be used as a second method 
to estimate the equilibrium composition.  
Effects of the reformation temperature and steam to fuel (S/Fuel) ratio (see Eq.2.2) 
conditions on steam reforming of methane, ethanol, gasoline and diesel (methanol reforming is 
mentioned in detail in the next section) were investigated in this review paper. The results were 
published in the literature, reproduced and organized to compare steam reforming of different 





Figure 2-3 Change of the (a) methane conversion, and hydrogen mol % in the reformate gas for 
steam reforming of (b) methane, (c) ethanol, (d) gasoline, (e) diesel with variation of the S/Fuel ratio 




Figure 2-4 Change of the CO mol % in the reformate gas for steam reforming of (a) methane, (b) 
ethanol, (c) gasoline, and (d) diesel with variation of the S/Fuel ratio and the reformation 
temperature. 
 
Gibbs free energy minimization method was used to estimate the equilibrium 
compositions. RGibbs reactor [82] in Aspen Plus [83] was employed for the minimization of Gibbs 
energy of the system. Fig. 2-3 shows the effects of the temperature and S/Fuel ratio on the methane 
conversion (Fig. 2-3(a)), and the hydrogen mol. % (wet basis) in the reformate gas for methane 
(Fig. 2-3(b)), ethanol (Fig. 2-3(c)), gasoline (Fig. 2-3(d)), and diesel (Fig, 2-3(e)). Effects of the 
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temperature and S/Fuel ratio on the CO mol. % (wet basis) are also illustrated in Fig. 2-4(a)-(d).  







As seen in the figures, relatively high temperature and S/Fuel ratio is necessary to achieve 
reforming of methane, ethanol, gasoline and diesel. In particular, the S/Fuel ratio needed to 
increase the amount of hydrogen in the reformate gas significantly increases for steam reforming 
of gasoline and diesel. High temperature and S/Fuel ratio are also required to achieve high 
conversion of methane because the reforming of methane is equilibrium limited. It can be also 
seen from the figures that the amount of CO in the reformate gas is very high for these fuels.  
High reforming temperature and S/Fuel are generally not desired for power generation 
applications. In particular, they are serious issues for portable power generation applications 
because the size and complexity of the system increases with increasing reformer temperature and 
S/Fuel ratio. Therefore, these types of fuels such as natural gas, propane, LPG, and diesel, etc. are 
generally preferred in the market in the case that the system size and weight are not priority 
properties for the power generation applications. The information about reforming gas fueled 
commercial products can be seen in Table 2-4. The reforming of methanol can be achieved at low 
temperatures and the methanol reformate gas includes very low amounts of CO in the syngas 
compared to the reforming of various other fuels. In addition, methanol does not include sulfur 
compounds. Due to these properties of methanol, the methanol reformate gas can be chosen to 
decrease the size, the weight and the complexity of a fuel cell power generation system.  
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2.3 Methanol Reforming 
Methanol is the simplest member of a group of organic chemicals and it consists of four parts 
hydrogen, one part oxygen and one part carbon. Currently, natural gas is used as a primary 
feedstock to produce methanol [94]. However, it can also be produced renewable sources such as 
municipal solid wastes (MSW), renewable electricity and waste CO2 [95]. Various feedstocks, 
methanol production pathways, and the methanol market are shown in Fig. 2-5. As illustrated in 
Fig. 2-5, methanol has a large and diverse market potential. It can be used for the production of 
various chemical products, different fuels, and hydrogen. 
Methanol is not preferred for central hydrogen production because of its relatively high 
cost compared to natural gas. The methanol price is approximately 4 times higher than natural gas 
[9]. Although methanol is not affordable for central hydrogen production, there are some 
advantages of hydrogen production from methanol by employing different reforming processes 
for some niche applications. One of the most important advantages of methanol reforming is that 
methanol reforming processes are easier than natural gas reforming processes. MSR can be 
achieved at less than 300 oC [102-105] while natural gas reforming can be achieved at around ~900 
oC [9]. Oxidative steam reforming of methanol (OSRM) can also be achieved at relatively lower 
temperatures than natural gas and the other alternative fuels. Over 99% methanol conversion at 
around 350 oC has been reported for OSRM [106]. Other advantages of hydrogen production from 
methanol reforming are that methanol is sulfur free, and hydrogen rich methanol reformate gas 
includes only small amounts of CO. Furthermore, methanol can be easily stored because it is in a 





Figure 2-5 Methanol production and methanol usage in the market Refs. [95-101]. 
 
Due to the advantages of hydrogen production from methanol reforming, attention to 
studies related to methanol reforming has increased in recent years. Overall, the studies related to 
methanol reforming can be classified as reforming reactions kinetics and catalysis, reforming 
reactors, and studies relating to methanol reformate gas fuel cell systems. These studies are 
explained in detail in the following sections.  
2.3.1 Effects of Important Operating Parameters on Methanol Reforming 
The important parameters that affect the performance of methanol reformers can be listed as the 
reformer temperature (Tref), steam to methanol (S/Methanol) ratio (some researchers use steam to 
carbon (S/C) ratio instead of S/Methanol ratio), and oxygen to methanol (O2/Methanol) ratio (some 
researchers use oxygen to carbon O2/C ratio (see Eq. 2.5) instead of O2/Methanol ). S/Methanol 

























Table 2-5 Different cases in the estimation of thermodynamically feasible products for methanol 
reforming [74, 80, 107, 108]. 
Case-1 H2O, H2, CO, CO2, CH3OH, C 
Case-2 H2O, H2, CO, CO2, CH3OH, HCOOH3, CH3OCH3, HCHO, HCOOH 
Case-3 H2O, H2, CO, CO2, CH3OH, HCOOH3, CH3OCH3, HCHO, HCOOH, CH4 
Case-4 H2O, H2, CO, CO2, CH3OH, HCOOH3, CH3OCH3, HCHO, HCOOH, C 
Case-5 H2O, H2, CO, CO2, CH3OH, HCOOH3, CH3OCH3, HCHO, HCOOH, CH4, C 
Case-6 
H2O, H2, CO, CO2, CH3OH, HCOOH3, CH3OCH3, HCHO, HCOOH, CH4, C, 
C2H6, C3H8, i-C4H10, n-C4H10, C2H5OH, C3H7OH, i-C4H9OH, n-C4H9OH, 
C2H6O 
O2 and N2 are added into the products for OSRM. 
 
To understand the effects of the reformation temperature, S/Methanol and O2/Methanol on the 
equilibrium compositions of the methanol reforming gas, some researchers such as Lwin et al. 
[74], Faungnawakij et al. [107], Wang and Wang [108], and Wang et al. [80], have performed 
thermodynamic analysis of methanol reforming. The main products in the syngas for methanol 
reforming are hydrogen, carbon dioxide, carbon monoxide and water. However, other products 
such as methane, formic acid, etc. can exist in the syngas. In addition, defining the optimal 
parameters to prevent coke formation is very important. Therefore, different product sets can be 
used to investigate the effects of the parameters on the production of the thermodynamically 
possible products. Different product sets that can be used in Refs. [74, 80, 107, 108] for 
thermodynamic analysis of MSR and OSRM are shown in Table 2-5. 
We can summarize the general conclusions from these studies [74, 80, 107, 108] as: almost 
100% methanol conversion can be obtained at different temperature ranges, so the methanol 
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reforming is not thermodynamically limited; the H2 production rate can be increased with an 
increase in the reforming temperature because the methanol steam reforming (R.2.13) and 
decomposition reactions (R.2.15) are very endothermic; also, the CO content in the reformate gas 
increases with the elevated temperatures because of the water gas shift (WGS) reaction (R.2.14) 
which is exothermic exhibiting decreased CO conversion with increased reaction temperature; and 
the H2 production dramatically decreases for oxidative methanol and partial oxidation reforming 
with increased O2/Methanol  because methanol partial oxidation is the dominant reaction for the 
high O2/Methanol ratio. Although H2 production decreases with oxidative methanol reforming, 
coke formation is reduced for OSRM. Furthermore, the energy demand for the methanol reforming 
is decreased by using oxygen with steam. The energy demand can also be equal to zero in the case 
of using a certain amount of O2/Methanol ratio, and it is called autothermal methanol reforming. 
The OSRM is investigated in Refs. [80, 108]; however, the autothermal situation is not exactly 
explained by only considering the reactant temperature. Therefore, the hydrogen mol. % and the 
oxygen requirement for two different scenarios to achieve autothermal reforming of methanol are 






Figure 2-6   O2/Methanol ratio and H2 mol % for autothermal reformation of methanol. (a) The 
reactants inlet temperature are equal to 350 oC, (b) the reactants inlet temperature are equal to 25 
oC. The reformation temperature is 350 oC for (a) and (b). The results are found for Case-2 (see 
Table 2-5).          
 
Figs. 2.6(a) and (b) show the change of the hydrogen mol. % (wet basis) for autothermal 
methanol reforming. To obtain the results, the reformation of temperature is taken as 350 oC while 
the S/Methanol ratio changes from 1 to 2. The amount of oxygen is calculated to achieve a thermal 
neutral situation with a certain amount of the S/Methanol ratio. Here, two scenarios are considered 
for the autothermal situation. For the first scenario (Fig. 2.6(a)), the O2/Methanol ratio is found to 
achieve a thermal neutral situation for the reforming of methanol at 350 oC. It is assumed that the 
reactant temperature is also equal to 350 oC, and there is no energy demand to increase temperature 
of the reactants. For the other scenario (Fig. 2.6(b)), the energy requirement to increase the 
temperature of the reactants from 25 to 350 oC are considered for the autothermal reforming of 
methanol. As shown from the figures, the hydrogen production dramatically decreases for the 
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second scenario (Fig. 2.6(b)) while the oxygen requirement is significantly increased compared to 
the first scenario (Fig. 2.6(a)). The complexity and the start-up of a system that uses methanol 
reformate gas can be decreased for the second scenario. On the other hand, the system efficiency 
must be considered to decide the final operation conditions.  
From a thermodynamic point of view, we can reach these conclusions: (1) elevated 
temperatures and higher S/Methanol ratio are favorable for methanol reforming; and (2) the coke 
formation and energy demand of the reformation process can be decreased by using oxygen with 
steam. However, the type of catalysts and reformers that are used for the methanol reforming, and 
the desired system properties, should be considered for final selection of the operation parameters. 
2.3.2 Methanol Reforming Catalysis and Reaction Kinetics 
In this section, we focus on the effects of different methanol catalysts on methanol conversion as 
well as H2 and CO yields in the reformate gas. In addition, we summarize the studies regarding 
methanol reforming reaction kinetics. The preparation methods of the catalysts, and the reaction 
mechanisms are beyond the scope of this review paper. The preparation methods can be found in 
Refs. [46, 107-110], and the reaction mechanisms are also available in Refs. [47, 51].  
A methanol reforming catalyst should have high catalytic activity in order to achieve high 
methanol conversion and large amounts of H2 production; also, it should be highly selective so 
that the CO generation can be decreased. In addition, the catalyst should have long term stability 
[46]. Many researchers have commonly studied Cu/ZnO based catalysts for methanol reforming 
because of their high activity at low temperatures and the fact that they favour the production of 
H2 with low selectivity towards CO [47, 11]. In particular, H2 and CO formation, methanol 
conversion, and deactivation of the commercially available Cu/ZnO-Al2O3 catalyst for methanol 
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reforming have been widely investigated in the literature [112-121]. Agrell et al. [117] studied 
MSR over a commercial Cu/ZnO/Al2O3 catalyst from Sud-Chemie (G-66 MR) in the temperature 
range between 175 and 350 oC. They observed 100% methanol conversion, and the H2 mol ratio 
in the reformate gas was 70% (dry basis) at about 320 oC for H2O/CH3OH=1.3.  Agarwal et al. 
[121] investigated the activity and deactivation of Cu/ZnO/Al2O3 catalysts for the MSR with the 
variation of the temperature from 220 to 300 oC at atmospheric pressure in a fixed bed reactor. 
They also used different Cu/ZnO/Al2O3 catalysts, whose properties are shown in Table 2-6. Their 
study revealed that the highest catalyst activity was obtained using CAT4 with a composition of 
Cu/ZnO/Al2O3 as 10/5/85 (wt.%). In addition, the lowest methanol conversion was found for 
CAT1 which includes 10% copper and no zinc oxide. Therefore, their results showed that the 
promoter zinc has a positive effect on the catalytic activity. Also, their results revealed that the CO 
yield in the reformate gas is less than the equilibrium values, based on the thermodynamics for 
water gas shift (WGS) reaction, at all reaction temperatures. The reason for less CO than the 
equilibrium values can be the formation of the CO2 through a path other than (WGS) reaction. 
Also, they found that the deactivation of Cu/ZnO/Al2O3 catalysts to be a serious issue. Although 
the methanol conversion was 78% at 300 oC for the fresh catalyst, the conversion decreased to 
67% for a run time of 20 h. The deactivation of the catalyst was later explained by the rate of coke 







Table 2-6 Specifications of different catalysts (adapted from Ref. [121].). 
 CAT1 CAT2 CAT3 CAT4 CAT5 CAT6 CAT7 
Cu/ZnO/Al2O3 
10/0/90 3/12/85 5/10/85 10/5/85 10/7/83 12/6/82 15/7/78 
Cu/Zn (Wt.%) 10/0 3/9.6 5/8 10/4 10/5.6 12/4.8 15/5.6 
Final elemental catalyst 
composition Cu/Zn (Wt%) 
9.1/0 2.7/8.9 4.1/6.8 9.2/3.6 8.9/4.3 10.6/3.4 13.4/4.3 
Total pore volume (cc/g) 0.36 0.25 0.28 0.35 0.34 0.32 0.21 
Average pore diameter (Å)1) 75 53 54 64 61 59 52 
SBET (m2/g) 
148 132 136 158 151 141 129 
1) Angstrom 10-10 meter 
As mentioned in the previous study (Ref. [121]), the deactivation of Cu/ZnO/Al2O3 
catalysts is an important problem, which requires further analysis. Therefore, Patel & Pant [122] 
showed the advantages of Cerium (Ce) as a promoter in the catalyst to improve the activity and 
the stability of Cu/ZnO/Al2O3 catalysts. For the MSR, the cerium promoter increased the methanol 
conversion and H2 selectivity as well as decreased the catalyst deactivation. Also, the CO 
formation in the products that were obtained was very low. The results showed that the CO ratio 
in the reformate gas was only 0.09 mol% at S/C=1.8 and 260oC for the Cu-Zn-Ce-Al oxide catalyst. 
Furthermore, the methanol conversion for the Cu-Zn-Ce-Al oxide catalyst decreased by 3% within 
a 20 h run-time while it decreased 14% for the Cu/ZnO/Al2O3 catalyst. Patel & Pant [123] also 
studied the OSRM using ceria promoted copper- alumina catalysts. Almost 100% methanol 
conversion was achieved for the Cu-Ce-Al catalyst with the weight percentage 30%-Cu, 20%-Ce, 
and 50%-Al at 280 oC; in addition, only 0.19% CO was observed. The researchers also found that 
the CO formation changed from 1000 ppm to 2300 ppm with the variation of the reaction 
temperature from 200 to 300 oC while the contact time, the oxygen-to-methanol (O/M) and the 
S/C ratio were equal to 15 kgcat smol
-1, 0.15 and 1.5, respectively.  
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The CO level in the reformate gas is very important because PEMFCs which are commonly 
used in the market are very sensitive to CO as shown in Table 2-3. The change in the theoretical 
product composition based on thermodynamic equilibrium calculations (using Gibbs free energy 
minimization method) in the methanol reformate gas as a function of the reformation temperature 
is shown in Fig. 2-7. As seen, the CO dramatically decreases with the decrease of reformate 
temperature. Therefore, methanol reforming catalysis activity at low temperatures is significant to 
achieve a low level of CO in the reformate gas. Yu et al. [124] showed the high-quality H2 
production from methanol steam reforming using the CuZnGaOx catalyst at 150 
oC with no 
detectable CO.  
 
Figure 2-7 Variation of the methanol reformate gas composition as a function of temperature. 





Methanol reforming catalysis activity at low temperatures is also important because the 
methanol reformer, which operates at low temperatures, can be integrated into the anodic 
compartment of a high temperature PEM fuel cell (HT-PEMFC) [125-128]. Papavasiliou et al. 
[129] investigated CuMnOx catalysts for internal reforming methanol fuel cells. Their results 
showed that CuMnOx is a very efficient methanol steam reforming catalyst to use in the anodic 
compartment of a HT-PEMFC. 
An increasing order of stability for the metals was reported by Hughes as: 
Ag<Cu<Au<Pd<Fe<Ni<Co<Pt<Rh<Ru<Ir<Os<Re [130]. Therefore, thermal sintering is also an 
important issue for the Cu based catalyst, and it is not stable at higher temperatures, e.g., >270 oC 
[44]. Pd-Zn alloy catalysts have been investigated [131-135] as an alternative to Cu based catalysts 
because of the problems mentioned regarding Cu based catalysts. The results in Refs. [110,131] 
showed that Pd-Zn alloy based catalysts perform low selectivity to CO for MSR and have higher 
catalytic activity. Also, Dagle et al. [135] reported that the thermal sintering was not observed on 
the PdZnAl catalyst for 100 h time-on-stream at a temperature of 360 oC.  
Although Pd-Zn alloy catalysts have high activity, low selectivity, and exhibit more 
stability, the sensitivity of the Pd-Zn alloy catalysts to the preparation technique always involves 
the danger of metallic palladium formation, leading to the generation of large quantities of carbon 
monoxide [113]. To solve this problem, Pd/In2O3/Al2O3 [136] and Pt/In2O3/Al2O3 [137] catalysts 
were investigated as an alternative. Kolb et al. [137] compared novel Pd/In2O3/Al2O3 and 
Pt/In2O3/Al2O3 catalysts coated onto the micro-channels for methanol steam reforming. They 
found that the Pt catalyst was much more active than the Pd catalyst and its CO selectivity was 
still moderate compared to Pd. Two catalysts containing 15 wt. % Pt and Pd, respectively and 30 
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wt. % In2O3 were used for the MSR at S/C of 1.5 and it was found that the full methanol conversion 
temperature was observed than ~100 oC lower reaction temperature for the Pt catalyst.  
Studies regarding methanol reforming kinetics are summarized in Table 2-7. As shown in 
the table, researchers have generally worked on the kinetics of Cu based catalysts for MSR. One 
of the early papers from Peppley et al. [138], which is about the kinetic model of MSR on 
Cu/ZnO/Al2O3 catalysts, has been highly cited in the literature. Peppley et al. [138, 149] 
investigated reaction mechanisms and developed a comprehensive kinetic model based on analysis 
of the surface mechanism for MSR. They used three overall reactions, which are MSR (R.2.13), 
WGS (R.2.14), and methanol decomposition (MD) (R.2.15) in their kinetic analysis. The three 
reactions can be written as follows: 
𝐶𝐻3𝑂𝐻 +𝐻2𝑂 ⇌ 𝐶𝑂2 + 3𝐻2−𝑘𝑅
𝑘𝑅  (R.2.13) 
𝐶𝑂 + 𝐻2𝑂 ⇌ 𝐶𝑂2 + 𝐻2−𝑘𝑊
𝑘𝑊  (R.2.14) 
𝐶𝐻3𝑂𝐻 ⇌ 𝐶𝑂 + 2𝐻2−𝑘𝐷
𝑘𝐷  (R.2.15) 
Power rate laws have also been used to explain the rate expressions. For example, Purnama 
et al. [120] used power laws by fitting the experimental data to develop rate expressions for steam 
reforming and water gas shift reactions. Wichert et al. [147] recently studied the kinetics of MSR 
over bimetallic Pt/In2O3/Al2O3 catalyst. They created two power laws and three Langmuir-
Hinshelwood rate expressions for the modelling of the kinetic data. Their results revealed that the 
power rate laws were not suitable for the kinetic modelling of the Pt/In2O3/Al2O3 catalyst.  
In general, the studies mentioned in this section regarding methanol reforming catalysis 
and reaction kinetics have focused on the investigation of catalyst activity and stability and finding 
accurate reaction rate expressions for different types of catalysts.  
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2⁄ + 𝐾𝐻𝐶𝑂𝑂(1)𝑝𝐻2
1






2 𝑝𝐶𝑂2) [1 − (𝑝𝐻2𝑂𝑝𝐶𝑂 𝐾𝑅𝑊𝐺𝑆
∗ 𝑝𝐻2𝑝𝐶𝑂2⁄ )]
[1 + 𝐾𝐶𝐻2𝑂(1)𝑝𝐶𝐻3𝑂𝐻 𝑝𝐻2⁄ + 𝐾𝑂𝐻(1)𝑝𝐻2𝑂 𝑝𝐻2
1







Pt/In2O3/Al2O3 MSR 𝑟 =
𝑘𝑠𝑛𝑧(𝑛𝑧 − 1)𝐾𝐶𝐻3𝑂𝐻𝐾𝐻2𝑂𝑝𝐶𝐻3𝑂𝐻𝑝𝐻2𝑂
(1 + √𝐾𝐶𝐻3𝑂𝐻𝑝𝐶𝐻3𝑂𝐻 + 𝐾𝐻2𝑂𝑝𝐻2𝑂)
3
 [147] 





0  [148] 
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2.3.3 Methanol Reformers 
According to the catalyst deployment in the reformers, methanol reformers can be classified as 
packed-bed and wash-coated reformers. These types of reformers have been commonly 
investigated in the literature. In addition, membrane reformers have been actively studied, although 
there are some serious issues related to their commercialization. 
Karim et al. [150] studied nonisothermality in packed bed reactors for MSR to define the 
reactor dimensions to achieve isothermal conditions. The temperature profiles of the packed bed 
reactors were calculated with the variation of the internal diameters of the packed bed reactors by 
using an experimental study and 2D pseudo-homogeneous model in their study. The results of this 
study showed that the temperature gradients increased with increasing internal diameter (i.d) of 
the reactor. In addition, the results revealed that the reactor i.d should be close to 300 𝜇𝑚 to achieve 
isothermal conditions in packed bed reactors.  
Chein et al. [151] performed a numerical study to understand the effects of heat transfer on 
a circular reformer with a partially (which is the wall-coated reformer) or entirely filled (which is 
the packed bed reformer) catalyst layer. The main finding of their study was that a higher MSR 
temperature could be obtained using a partially filled catalyst layer compared to the packed bed 
reformer. Therefore, the methanol conversion could be increased for the partially filled catalyst 
layer.  
A packed bed reformer to produce 100 W power by employing a PEMFC was modeled by 
Vadlamudi and Palanki [152]. They performed a parametric study to reveal the effects of S/M, 
inlet pressure and temperatures on the reformer.  
 
38 
An internally heated tubular packed bed methanol steam reformer was studied 
experimentally and numerically by Nehe et al. [153]. They used an internally heated tubular reactor 
to prevent heat loss, and so to supply effective heat transfer to the endothermic MSR reactions. 
Their results showed that for the same operating conditions, higher methanol conversion can be 
achieved using an internally heated configuration.  
The performance of a miniaturized low temperature co-fired ceramic packed bed reactor 
in the temperature range of 300-400 oC was defined by Pohar et al. [154]. They inserted 6.73 g of 
gallium-promoted copper ceria catalyst into an inner reaction chamber of dimensions 33.8 mm x 
4 mm x 41.4 mm (width x depth x length). For optimal conditions, they achieved 95% methanol 
conversion at 400 oC and a liquid flow rate of 0.15 mL/min. 
Until now, the studies mentioned above regarding packed bed methanol reformers is for 
low power generation applications, namely, less than 100 W. In addition, the heat for endothermic 
MSR was supplied using external exothermic reaction (except Nehe et al. [153] study). Real et al. 
[155] showed the feasibility of hydrogen generation by a solar-based packed bed methanol steam 
reformer for stationary fuel cell systems. The heat requirement for the MSR was supplied by a 
non-concentrating solar thermal collector. In this work, two catalyst loadings of 100 and 140 mg 
of nanoparticles, inserted into the solar collector in the form of a packed bed, were studied. Their 
experimental work demonstrated that 100% methanol conversion was achieved for 100 mg catalyst 
and methanol-water mixture flow rate of 3 mL min-1m-2, while only 58.5% conversion was 
obtained for the flow rate of 6 mLmin-1m-2. Also, the complete conversion of the 140-mg reactor 
was obtained for the 4 mLmin-1m-2, while the conversion decreased 59.7% for the 9 mLmin-1m-2. 
Moreover, they found the maximum hydrogen production of 6.62 LSTPmin
-1m-2 for a reactor 
containing 140 mg catalyst and a liquid methanol-water mixture flow rate of 8 mLmin-1m-2.  
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Although the traditional packed bed reactors are widely employed in industry for methanol 
reforming, they suffer from axial temperature gradients [156]. In addition, sintering of the catalyst 
in the packed bed can cause an increasing pressure drop in the reformer [156]. To solve these 
issues, wash-coated microchannel reformers can be used for hydrogen production from methanol. 
They have large specific surface areas, so better heat and mass transfers than the packed bed can 
be obtained for wash-coated microchannel reactors [48, 157]. Due to enhanced heat transfer, 
higher methanol conversion at lower temperatures are obtained for wash-coated microchannel 
reformers [48]. Also, microchannel design can be maximized with deployment of the catalyst 
directly on the internal surface in the wash-coated reformers [156]. As well, the wash-coated 
reformers have a benefit from a pressure drop [156, 158]. Because of the aforementioned 
advantages of the wash-coated microstructured methanol reformers, the attention of researchers 
and companies has been dramatically increasing towards the wash-coated microstructured 
reformer technology. Kolb in 2013 [44] published a comprehensive review about the field of 
microstructured reactors for energy related topics. In addition, Holladay and Wang in 2015 [159] 
summarized the numerical models and reaction equations of microchannel reactors for both wash-
coated and packed bed systems for microscale (power generation less than 5 W) hydrogen 
generation. Therefore, we only reviewed recent papers which discuss innovative approaches to 
increase wash-coated microchannel methanol reformers in our work.  
Wang et al. [156] applied an innovative method. They used cold gas dynamic spray 
(CGDS) method to deposit catalyst coating in the plate type microchannel methanol reformer. This 
innovative method-CGDS, which consists of spray gun, powder feeding, heating, gas regulating, 
high-pressure gas source and powder recovering, is a technology based on gas dynamics. The 
catalyst particles are carried with high pressure gas such as nitrogen, helium, air etc. through the 
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spraying gun at the solid state at high speed. Gas is preheated to increase the speed of the particles 
in the cold spray. Wang et al. [156] used a reaction chamber with the dimensions of 6 mm x 6 mm 
x 125 mm in the plate-type stainless steel micro-reactor. In addition, the total catalyst in the 
reformer was 0.83 g. Their results indicated that the highest H2 production rate was defined as 
30.05 ml/min at the temperature range of 270 oC.  
Another innovative method to improve the performance of wash-coated microchannel 
methanol reformers was investigated by Mei et al. [157]. In the traditional wash-coated 
microchannel reactors, the catalyst support with a non-porous surface is used. They proposed an 
innovative micro-channel catalyst support with a micro-porous surface. The pores with a diameter 
of 60-150 µm and a depth of 50-100 µm were used in the micro-porous surface. The results showed 
that the H2 production rate was 9.65 ml/min for the micro-channel catalyst support with the non-
porous surface while it was 18.07 ml/min for the micro-porous surface at 300 oC and a mixture of 
methanol and water with 1:1.2 molar ratio rate of 30 µl/min.  
In another recent study, Pan et al. [160] experimentally compared the performance of 
micro-channel methanol reformers with the rectangular and tooth cross-sections. They illustrated 
that the performance of the reformer with mesh tooth microchannels was better than with mesh 
rectangular microchannels. 
The catalyst coating methods for the wash-coated microchannel reformers are out of the 
scope of this review paper; however, interested readers can refer to Refs. [161-165]. 
The cost barrier of membrane reformers [48] is the main issue in commercializing them. If 
this issue is solved, they can also be another promising technology for methanol reforming. On the 
other hand, one of the most important advantages of the membrane reformers is that nearly 100% 
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pure hydrogen can be produced by employing membrane methanol reformers [48,166]. More 
detailed information regarding membrane reformers can be obtained from Iulianelli`s et al. review 
paper [45]. 
2.4 Reformed Methanol Fuel Cell Systems 
A number of review papers [44, 48] reported studies conducted in methanol reforming fuel 
processors for fuel cell power generation systems. Kolb [44] dedicated one section to related 
microstructured fuel processors for the reforming of different kinds of fuels. Palo et al. [48] wrote 
a review paper in 2007 about methanol steam reforming for hydrogen production. In their study 
[48], they mentioned system challenges, military and consumer needs, and also summarized 
studies in the literature regarding properties and the performance of reformers in the given systems. 
In this section of our review paper, we specifically focus on recent studies from the perspective of 
methanol reformers and system performance. In other words, not only methanol performance is 
discussed, but also the system components, heat integration, the efficiency and control of the 
reformed methanol fuel cell systems are evaluated. Moreover, we emphasis on reformed methanol 
fuel cell systems for power generation in the range of 100 W to kW scales. 
Methanol can be used as fuel for fuel cell power generation systems in two ways. In the 
first method, it can be used directly with direct methanol fuel cell (DMFC) systems. In the second 
method, reformate methanol gas which includes mainly H2 can be used to feed fuel cells for power 
generation. For the first method, the system has a simpler structure because methanol is used 
directly for the DMFC without a fuel processor [158]. On the other hand, the important challenges 
for a large-scale commercialization of DMFCs are their lifetime and high production cost, as well 
typically having lower efficiency and power density [167,168]. Technical specifications of the 
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reformate-gas fueled PEMFC and DMFC systems for 300 W power generation are listed in Table 
2-8 [169]. The results, shown in Table 2-8, were obtained for prototype systems; thus, the results 
are based on real operation conditions. As shown in this table, the DMFC system has lower fuel 
efficiency and energy density compared with the reformate-gas fueled PEMFC system.  
Table 2-8 Technical specifications of portable fuel cell prototype systems (adapted from Ref. [169].). 
Requirement RMFC DMFC 
Max output power W 300 300 
System Weight (no fuel, kg) 16 20 
Dimensions (cm) 38×30×25 29×51×29 
Internal Li-ion Battery (Whr) 326 80 
Voltage (VDC) 28 28 
Fuel Methanol/Water Methanol 
Runtime Cartridge (1.2 L) =4 h Cartridge (2 L) =8 h 
Capability APU+Battery Charging APU+Battery Charging 
Start-up time (min) 20 2 
Fuel efficiency (%) (LHV) 34 16 
Specific Power (W kg-1) 18 15 
Power Density (W L-1) 10 6.9 
Specific Energy (72 h mission, Wh kg-1) 618 591 





Researchers have typically investigated low temperature PEMFCs (such as in Refs. [105, 
158, 170- 174]) and HT-PEMFCs (such as in Refs. [106, 113, 175]) for the reformed methanol 
fuel cell systems. The main advantages of the PEMFCs are their low start-up time and high energy 
density; therefore, reformate methanol gas PEMFC systems may be a promising candidate to 
provide power for portable power electronics [105]. A system, which consists of a micro-structured 
evaporator, a micro-structured reformer and two stages of preferential oxidation of CO (PROX) 
reactor, micro-structured catalytic burner, and a PEMFC, was investigated to evaluate its 
performance for power generation from methanol by Men et al. [105]. The change of the activity 
and selectivity for each individual component was determined by them with the variation of the 
reaction temperature, S/C, contact time, and feed composition by employing performance tests. 
The width, depth and length of the elliptic microchannels were 600 μm, 250 μm, and 44 mm, 
respectively in their study. Also, the dimensions of the MSR and catalytic combustion were 
approximately 120 mm x 36 mm x 25 mm, respectively, while the PROX reactor dimensions were 
about 104 mm x 80 mm x 15 mm. They reported that this system is enough to produce 20 W of 
net electric power by fuel cell.  
Another methanol steam reformer system to produce hydrogen for a PEMFC power 
generation system was investigated by Dolanc et al. [158]. Dolanc and co-workers designed and 
implemented a miniature reformer of methanol to feed a low temperature PEMFC with electric 
power up to 100 W. As shown in Fig. 2-8, this system consists of three subsystems which are the 
actuator unit, the reactor unit and the control unit. The actuator unit is used to generate and control 
the flow rates of the methanol and water to the reforming reactor, air to the PROX reactor, and the 
air/methanol mixture to the catalytic combustor. Methanol reformation takes place in the reactor 
unit. The reactor unit consists of a combustor, an electrical heater, methanol and water evaporators, 
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a reforming reactor, and PROX reactor. In the reactor unit, the electrical heater provides 10 W to 
ignite the combustor. The other subsystem, the control unit, is implemented in the system to meet 
the demands of the system. They found in their experimental results that the molar fraction of the 
reformate gas is CO2=~21.56%, H2O=~10.3%, CH3OH=~2.2%, H2=~65.3%, CH4=0.2%, and 
CO=~0.4% for 50 mL h-1 of methanol flow rate, and 29 mL h-1 of water flow rate at 250 oC of the 
reformer reactor temperature.  
 
Figure 2-8 Technological scheme of the miniature fuel reformer system for portable power sources 





They [158] also estimated the specific energy of the system by using the equation as follows: 
𝐸𝑠𝑝 = 𝑃𝑒𝑙𝑡𝑜𝑝/(𝑚𝐶𝐻3𝑂𝐻 +𝑚𝐻2𝑂 +𝑚𝑅𝑒𝑓 +𝑚𝐹𝐶) (2.6) 
  
  
To find the specific energy, they calculated the stored fuel (mCH3OH) and water (mH2O) as 1.420 
kg and 0.696 kg, respectively for the operation time of 24 hours; also, the mass of the complete 
reformer system for their fuel processor was 3 kg. Moreover, they assumed that the mass of low 
temperature PEMFC was around 1.3 kg for the 100 W power generations. Using these values, they 
found the specific energy of the system is 374 Wh kg-1.  
Low temperature PEMFCs have an advantage with respect to start-up time; however, high 
purity hydrogen is necessary to feed the PEMFC. In particular, low temperature PEMFCs are very 
sensitive to CO. Therefore, some additional equipment must be added to the system to decrease 
CO level in the reformate gas as mentioned in the previous paragraphs. This will increase the 
system complexity and balance-of-plant (BOP). This disadvantage can be overcome by using HT-
PEMFCs. It has been reported that the HT-PEMFCs can tolerate CO up to 3% [176], while CO 
concentration as low as 10-20 ppm causes a significant loss in cell performance for the low 
temperature PEMFCs that operate at 80oC [177]. Not only there is sensitivity to impurities in the 
reformate, but it should be noted that low temperature PEMFCs have several drawbacks, such as 
inefficient thermal and water management, and slow electrochemical kinetics. These issues can 
also be resolved by using the HT-PEMFCs at an elevated operation temperature. In addition, a 
comparison of a LT-PEMFC that works with hydrogen and methanol reformate gas fuelled HT-
PEMFC systems can be seen in Table 2-9. As shown in this table, the methanol reformate gas 
fueled HT-PEMFC system is more economical than the PEMFC system in terms of electric energy 
price. The electricity energy price is 0,15 €/kWhDC for the HT-PEMFC system while it is 0,68 
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€/kWhDC  for the LT-PEMFC system [178]. Attention to reformed methanol fueled HT-PEMFCs 
systems has been increased in recent studies because of the reasons explained above. 
Table 2-9 Comparison of a hydrogen fueled LT-PEMFC and methanol reformate gas fueled HT-
PEMFC systems (modified from [178]) 
 LT-PEMFC HT-PEMFC 
















Electric energy price1 
$/ kWhDC 
~0,79 ~0,17 
1In Ref. [178], Euro is used instead of (US) Dollar. For conversion, 
1 Euro equals 1.16 US Dollar (Oct 1, 2018, 10.35 pm UTC). 
 
One of the leading companies, which manufactures reformed methanol HT-PEMFC systems, is 
Serenergy [12] in Denmark. H3-350 RMFC system produced by Serenergy is illustrated in Fig. 2-
9. As shown in the figure, the main components of the system are an evaporator, a reformer and 
burner, and a HT-PEMFC stack. For this system, the additional components to remove the CO in 
the reformate gas are not necessary because of the high tolerance level to CO of the HT-PEMFC. 
The system is designed for the nominal output power of 350 [W], a rated output current of 16.5 
[A] at 21 [V] [179]. The system weight and volume are 13.7 kg and 27 L, respectively, while fuel 
consumption is 0.44 L/h [181]. As presented in Figs. 2-9 (b) and (c), firstly the methanol/water 
 
47 
mixture (60/40 vol.% mixture of methanol and water [180]) enters the evaporator. After 
evaporation of the fuel mixture, it goes to the reformer, and the reformate gas feeds to the HT-
PEMFC stack. It was recommended by the manufacturer that the H2 over stoichiometry should be 
1.35 to prevent anode starvation in the fuel cell [180]. Therefore, ~25% of the hydrogen in the 
reformate gas is not used for the power generation in the HT-PEMFC anode. The remaining 
hydrogen is used in a catalytic burner to provide the heat requirement of the reformer. Also, the 
process heat of the evaporator is supplied using the excess heat from the fuel cell.  
 
Figure 2-9 (a) Scheme , (b) picture , and (c) concept drawing of the commercial H3-350 RMFC 







H3-350 has been used as a reference system in some studies [18, 102, 179, 180, 182, 183]. 
Andreasen et al. [102] developed a cascade control strategy to test the methanol reformer used in 
the Serenergy H3-350 Mobile Battery Charger. They investigated the performance of the methanol 
reformer with the variations of the reformer operating temperature from 240 to 300 oC, and the 
methanol/water mixture fuel flow from 200 to 400 mL/h. In their work, the volume air flow to the 
burner was manipulated to control the burner temperature; therefore, the desired reference 
reformer temperature was obtained. Their results showed that H2 and CO2 contents in the reformate 
gas did not change significantly with the variations in the reformer temperature and fuel flow rate 
while there were significant changes in the CO and methanol contents in the reformate gas. For 
example, the CO increased from 0.142% (vol.% in dry reformate gas) to 1.11% with the change 
of the reformer temperature from 240 to 300oC for 300 mL/h methanol/water mixture. For the 
same operation conditions, the methanol in the reformate gas decreased from 3.64% to 0.142%.  
In the previous study, Andreasen et al. [102] did not consider the fuel cell performance 
with the variation of the reformer temperature. Therefore, Justesen and Andreasen [179] in another 
study defined the optimal reformer temperature by considering the fuel cell performance for a 
RMFC system based on a H3-350 module. They used Adaptive Neuro-Fuzzy Inference System 
(ANFIS) models to observe the effects of the reformer temperature on the system efficiency. The 






In this equation, 𝑃𝐹𝐶,𝑜𝑢𝑡 is the fuel cell power output, which is equal to the multiplication of the 
fuel cell current and voltage, while 𝑃𝐹𝑢𝑒𝑙,𝑖𝑛 is the input power, which is calculated using the lower 
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heating value of the methanol in the fuel. They found the optimal constant reformer temperature 
to be 252oC. For this reformer temperature, the efficiency was calculated as 32.08% at 170oC of 
the fuel cell temperature.  
Additional to the study mentioned above, a methanol reformed HT-PEMFC system for 
power generation under 100 W was investigated by Kolb et al. [106]. In this study, the authors 
studied a portable power generation device applying methanol reformate gas as fuel and high-
temperature PEM fuel cell technology for a net power output of 100 W. They used a micro-channel 
methanol reformer with noble metal catalyst (Pd/ZnO catalyst). They employed the fuel cell stack, 
which consisted of 24 cells. 130 W (14.4 V and 9 A) power was produced from the fuel cell stack, 
and 30 W were reserved for the balance-of-plant components. For the reformer temperature 350oC, 
the S/C=1.7, and the O/C=0.25, they reported that the methanol conversion is always 100%, while 
the CO yield and the H2 yield are 1.8 and 50 vol. % (wet basis), respectively. For the same reformer 
temperature and the O/C ratio, with decreasing the S/C ratio from 1.7 to 1.5 the CO and H2 contents 
increased to 2.09 and 53 vol. %, respectively. 
Reformate-gas fueled HT-PEMFCs systems are also a promising technology for auxiliary 
power unit (APU) applications. For example, it can be used as an APU in heavy-duty trucks, 
service vehicles, light-duty vehicles, and luxury passenger vehicles [184]. Power demands for 
APU applications are typically in the kW scales. Methanol reformate-gas fuelled HT-PEMFCs 
systems have been recently investigated in Refs. [113, 175, 185]. Sahlin et al. [185] studied a 
reforming methanol system in an oil heated reformer system for 5 kW fuel cell system. Their work 
has two parts. In the first part, a dynamic model of the system was developed, while an 
experimental study was performed on different components of the system in the second part. The 
modeling work revealed an overall system efficiency of 27-30% on the basis of the fuel lower 
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heating value. In addition, the start-up of the reformer was found to be about 45 min in the 
experiments.  
One of the first micro-structured methanol reformers with integrated anode off-gas 
combustion, which worked in the kW scale was designed, built, and tested by Kolb et al. [113]. 
They used oxidative steam reforming to convert methanol to hydrogen rich gas. 
Platinum/indium/alumina catalyst was used for the reformer side while platinum/alumina catalyst 
was employed on the after-burner side. They found the volume ratio of the gases in the reformate 
gas in dry basis: 68.4% H2, 1.5% CO, 22.2% CO2, 9.9% N2 and 430 ppm CH4 at S/C=1.3 and 
O/C=0.2. In addition, they estimated 11.4% H2O, 0.4 ppm unconverted methanol and 8 ppm formic 
acid for the same reforming conditions. Their results revealed that the formic acid decreased to 6.1 
ppm with the change of the S/C from 1.3 to 1.5. 6720 l/h H2 was produced using 6.5 kg fuel 
processor including reformer and after burner with 3200 g/h methanol. Also, the methanol-water 
mixture evaporator, which has 54 plates with a total volume of 0.62 l and a weight of 2.2 kg, was 
used in this study.  
As explained in Refs. [5, 169], the most promising applications of fuel cell systems involve 
power generation of up to 500 W. However, the system weight and balance-of-plant components 
are two critical parameters for the small-scale power generation applications. These parameters 
should be decreased for the large-scale commercialization of the fuel cell systems for power 
generation of up to 500 W. To achieve this, some researchers [125-127, 186,187] have recently 
investigated the feasibility of integrating the methanol reformer with the HT-PEMFC stack. 
Therefore, the heat requirement of the methanol steam reforming is provided using waste heat 
from the fuel cell, and additional heat exchangers can be eliminated in the system. This is an 
opportunity to decrease the system weight and volume and increase the efficiency. Recent 
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advancement in research related to integrated methanol steam reformer HT-PEMFC power 
generation systems were reviewed in Ref. [10]. 
In summary, the studies in regards to reformed methanol fuel cell systems can be classified 
into two main categories. In the first category, the researchers have focused on feasibility and 
defining operation parameters of the reformed methanol fuel cell systems for different type of 
applications. The second category is about integration of the new technologies to the systems to 
improve system performance for specific type of power generation applications. 
2.5 Conclusion and Future Outlook 
We presented the studies in literature regarding methanol reforming. The studies were evaluated 
and discussed with considering different aspects of fuel cell power generation systems. The 
important points in this review paper are summarized below: 
• Alternative fuels for fuel reforming. Various fuels can be used for fuel reforming 
processes for fuel cell power generation applications. However, fuel selection is very 
important to achieve desired fuel cell system properties. The important factors about fuels 
which affect performance of fuel cell power generation systems are fuel availability, fuel 
price, fuel storage, fuel evaporation temperature, S/Fuel and/or O2/Fuel ratios for the 
reforming processes, fuel composition, reforming temperature and pressure, and reformate 
gas composition. These factors should be evaluated with the desired system functions as 
shown in Figure 1. Among different hydrogen carrier fuels, methanol reforming is 
particularly very suitable for portable and small scale power generation applications 
because methanol is in liquid form at room temperature, it has a relatively low evaporation 
temperature, and low reforming temperature and pressure. In addition, methanol reformate 
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gas does not include sulfur, and it includes low amounts of CO. With these unique 
properties, the system size and weight, and balance of plant components can be decreased, 
also the life of the system can be increased.   
• Catalysts for methanol reforming. Cu/ZnO-based catalysts for methanol reforming have 
been extensively studied by researchers. However, deactivation of the Cu/ZnO based 
catalysts are a serious issue. Therefore, research activities about methanol reforming 
catalysts changed after 2000s to improve activity and stability of the methanol reforming 
catalysts. The catalysts research activities after 2000s can be classified into two categories. 
In the first category, the studies have focused on more active and stable catalysts at high 
temperatures. Increasing of the catalysts activity and stability at high temperatures are 
particularly very important for oxidative steam reforming of methanol. The other category 
is for increasing the catalyst activity at low temperatures.  
• Methanol reformate gas fueled fuel cell systems. Improvements in catalysts and 
reformers have occurred due to advancements in the development of the methanol 
reformate gas fueled fuel cell systems. In particular, the system size and weight have 
decreased with the more active catalyst and microstructured reformers. With these 
remarkable improvements, this should be noted that the fuel cell price is still the main 
barriers for methanol reforming fuel cell systems; therefore, the most suitable application 
areas for the market should be wisely defined.  
Overall, the researchers have made many progress in the methanol reforming catalysts and 
reformers, and also integration of the new technologies into fuel cell systems. However, the 
existing works in the literature do not include enough information to explain viability of internal 
reformer methanol fuel cell systems for the market. Also, with these remarkable progresses, price 
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of the fuel cell technologies is still the main barrier for commercial applications of methanol 





Modeling and Parametric Study of a Methanol Reformate Gas-
fueled HT-PEMFC System for Portable Power Generation 
Applications 
This chapter is reprinted in adopted form with permission from Journal of the Energy Conversion 
and Management:  
MS Herdem, S Farhad, and F Hamdullahpur. Modeling and parametric study of a methanol 
reformate gas-fueled HT-PEMFC system for portable power generation applications, Energy 
Conversion and Management, 2015, 101, 19-29. 
3.1 Introduction 
Electric power requirements for outdoor applications and wireless industrial tools have been 
increasing every year. This requirement is currently approximated at 714 GWh in Europe [106]. 
In addition, the lack of access to electricity is a serious economic and social issue in the world, 
especially in underdeveloped and some developing countries [189]; drawing more attention to 
portable applications. Although batteries are a promising technology for small scale power storage 
for portable systems, their wide-scale application is limited because of weight restrictions [106]. 
Although a number of developmental challenges remain to be tackled, fuel cells can be considered 
as an alternative technology for portable power generation applications. Shaw et al. [5] report that 
military personal power generators, consumer battery rechargers, and specialized laptop computers 
are the most promising applications to use fuel cell technology in the market. They also explain 
that the hydrogen storage issue is one of the most important barriers for wider usage of hydrogen 
fuel cells; thus, energy storage densities must be improved using an inexpensive and convenient 
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hydrogen supply. To overcome the hydrogen transportation and storage barrier, hydrogen can be 
obtained using alternative fuels such as biogas [190, 191], ammonia [192], or from methanol [193], 
gasoline [194], ethanol, and other hydrocarbon fuels by employing fuel reformer technologies for 
fuel cell power supply systems. Methanol can be used as one of the most appropriate fuels for 
portable and stationary fuel cell applications because it can be produced using different sources 
such as natural gas, coal, and biomass. In addition, methanol can be stored easier than hydrogen; 
it has high hydrogen to carbon ratio and a low boiling temperature; it is liquid at atmospheric 
pressure and normal environment temperature; and it can be converted easily to hydrogen at lower 
temperatures than many other hydrocarbon fuels [48, 195]. Therefore, fuel cells coupled with 
methanol reformers have become progressively more attractive for portable applications. 
There are many studies in the open literature which have been undertaken on various 
applications of reformer methanol fuel cell systems. Partial oxidation (POX) and auto-thermal 
reforming (ATR) technologies were experimentally investigated to produce hydrogen using a 
small methanol reformer for fuel cell application by Horng et al. [196]. Their results show that the 
optimum steady mode shifting temperature for their experiment is about 75 oC; in addition, they 
reported the most appropriate pre-set heating temperature for facilitating the most rapid response 
of the catalyst reformer. Furthermore, the hydrogen concentration produced in their experiment 
was as high as 49.1% with a volume flow rate up to 23.0 Lmin-1, and 40.0% with a volume flow 
rate of 20.5 Lmin-1 using auto-thermal and partial oxidation processes, respectively. Vadlamudi 
and Palanki [152] analyzed an autothermal reforming of methanol to supply enough hydrogen for 
generating 100 W power. They used fundamental principles of reaction engineering, fluid 
mechanics and heat transfer for modeling non-isothermal operation. They reported that pressure 
drop is negligible throughout reactor volume. They also found that the outlet flow rate of hydrogen 
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increases with higher inlet temperature; however, the reformer heat requirement increases for 
higher inlet temperature. Chein et al. [197] presented a methanol steam reforming for hydrogen 
production. The reforming with CuO/ZnO/Al2O3 catalysts and the methanol catalytic combustion 
with Pt catalyst were experimentally tested by them. They also studied the flow and heat transfer 
effects of three different reformer designs – including patterned microchannel with catalyst onto 
the channel wall, single plain channel with catalyst coated onto the bottom channel wall and 
inserted stainless mesh layer coated with catalyst − on the reactor performance. The best thermal 
efficiency among the three designs was obtained for the reactor with microchannel reformer and 
also higher methanol conversion in their experimental results. It is noted that many experimental 
reformers of the smaller scale and reformers for industrial applications use conventional Cu/ZnO 
catalysts [106]. Kolb et al. [106] have developed a system for portable power generation with an 
electrical net power output of 100 W. The system consists of oxidative (auto-thermal) steam 
reforming of methanol with a catalyst of higher activity than Cu/ZnO catalysts and a high 
temperature proton exchange membrane fuel cell (HT-PEMFC). The effects of the CuO-ZrO2-
CeO2-Al2O3 catalysts on the methanol conversion were investigated by Baneshi et al. [193]. Their 
results show that the methanol conversion reaches 100% at 240 oC, and the catalyst has high 
lifetime. Lo and Wang [198-200] proposed a novel passively-fed methanol steam to remove the 
pump and for effective heat transfer to methanol steam reformer and evaporator from the catalytic 
combustor heater. The system was experimentally investigated, and the experimental results show 
the methanol conversion exceed 98% for reformer temperatures higher than 292 oC and the 
water/methanol feed ratio over 1.0 [198]. The main disadvantage of their system is the slow start-
up time, which is about 30 minutes [199]. Kolb et al. [113] built and tested a methanol reformer 
for HT-PEMFC for mobile applications. For the reformer, they used micro-structured plate heat-
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exchanger technology with a novel, highly active catalyst formulation for oxidative steam 
reforming of methanol. They could achieve a hydrogen production equivalent to the thermal power 
of 20 kWthermal from their reformer.  
Many studies in the literature have focused on components design and/or power (or 
combined power and heat) production in kW range or less than 100 W using reformer systems and 
fuel cells. Our literature survey confirms that there is no any study to focusing on a few hundred 
watts power production using  HT-PEMFCs and investigating the fuel cell performance with the 
variation of the methanol reformate gas composition. The main objective of this study is to estimate 
the fuel cell performance, the input fuel flow rate, and the heat duties of the system components 
with the variation of the methanol reformate gas composition for power generations as low as 500 
W. A detailed parametric study to understand how the system can be improved is also conducted. 
The results in this study can be used for further development of the system for future studies.  
3.2 System and Process Description 
The simplified schematic of the power generation system investigated in this study is shown in 
Fig. 3-1. A commercially available methanol reformer system, H3-350 made by Serenergy [201], 
is chosen as a base system to define the system components and the input parameters. The main 
components of the H3-350 include an evaporator, a methanol steam reformer, a combustor, and a 
HT-PEMFC stack. The evaporator is used to convert liquid methanol-water mixture to a vapor 
mixture. Then the vapor fuel enters the methanol steam reformer and H2 rich reformate gas is 


































Figure 3-1 Schematic of the methanol reformer system. 
The main compositions of the reformate gas are H2, CO2, H2O, and CO. Partial oxidation 
and autothermal reforming of methanol can be used to convert the fuel to the reformate gas. 
However, the molar flow rate of H2 in the reformate gas is higher for methanol steam reforming 
[196], as well as reactions in the reformer take place at lower temperatures [158]. Also, a low CO 
ratio can be obtained for the methanol steam reformer [51]. Therefore, the methanol steam 
reformer is preferred for this system. Methanol-water mixture can be converted to reformate gas 
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in the reformer using an appropriate catalyst type. Cu-based catalysts and noble metal-based 
catalysts are two types of catalyst that can be broadly used for the methanol steam reformer [51]. 
Copper-based catalysts have high activity with low temperatures and are selective, so they are 
commonly used for methanol steam reforming [46]. CuZn-based catalysts have also relatively low 
cost [182] so CuZn-based catalyst is considered as a reforming catalyst in this study. After 
obtaining reformate gas, firstly the gas temperature is decreased to the fuel cell temperature by 
employing the heat exchanger, and then enters the HT-PEMFC for electric power generation. 
Although low and intermediate temperature polymer membrane fuel cells have higher 
efficiency for small scale power production, they need high purity hydrogen. In addition, because 
water management is a serious issue for these fuel cells, HT-PEMFC is employed for power 
generation in this study. There are several advantages of using HT-PEMFC for this system. These 
advantages include (a) water is in vapor phase so the water management is not an issue in these 
fuel cells; (b) HT-PEMFCs have faster electrochemical kinetics, and (c) the heat management is 
easier [202]. Other significant benefit of HT-PEMFCs for methanol reformer systems is that they 
have higher CO tolerance [203]. Up to 3% CO can be tolerated for HT-PEMFCs [176]. 
After the HT-PEMFC, anode and cathode off gases are burned as a fuel in the combustor 
to generate extra heat. The heat requirement for the reformer is supplied from the combustor. The 
recoverable heat from the fuel cell stack is used for evaporating the methanol-water mixture. In 
addition, the remaining heat to complete evaporation of the methanol-water mixture and increasing 
its temperature to 120 oC is provided from the combustor hot flue gases. To decrease the reformate 
gas temperature to the fuel cell temperature, the cathode inlet air is used. The remaining heat to 
increase the cathode inlet air temperature to the fuel cell temperature is supplied from the 
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combustor hot flue gases. The system which includes whole heat integration is shown in Figure 
S1 in the supplementary document. 
3.3 Modeling of the System 
Thermophysical properties for the modeling of the system are obtained by employing Aspen Plus 
version v7.3 [204]. Then, all the variables which are used for system modeling are transferred to 
an Excel spreadsheet for the parametric studies. The NRTL model is used to find thermophysical 
properties of the liquid methanol-water mixture and ideal gas model is used for the rest of the 
streams. Heat losses and pressure drops of the system components are assumed to be negligible. 
The components pressure is assumed at atmospheric pressure for the parametric studies. The main 
input parameters that are used for the system modeling is given in Table 3-1, and the input 
parameters in Table 3-2 is used to calculate the system efficiency. 
Table 3-1 The input parameters of the system. 
Input Parameters Ref. 
Fuel inlet temperature to the evaporator 25 oC 
 
Fuel exit temperature from the evaporator 120 oC 
 
Air -fuel ratio for the combustor 1.05 [-] [218] 
Air inlet temperature to the HX2 25 oC 
 
Air molar composition O2=21%, N2=79% 
 
Fuel cell parameters 
  
[211,212] 
Membrane thickness, tmemb 0.1x10-3 m 
 
Open circuit voltage, Vo 0.95 V 
 
Symmetry factor, α 0.5 [-] 
 
Intermediate hydrogen step, n 2 [-] 
 
Universal gas constant, R 8.3143 Jmol-1K-1 
 
Faradays Constant, F 96485 Cmol-1 
 
Number of cells, N 45 [-] [177] 




Table 3-2 The input parameters to estimate the system efficiency of the system. 
Input Parameters Ref. 
Heat loss from the fuel cell 20% [221] 
Pressure drop of the components 1.5 kPa [221] 
Air compressor isentropic efficiency 78% [221] 
Fuel pump isentropic efficiency 85% [221] 
Mechanical efficiency compressors/pumps 70% [220] 
Heat exchangers pinch temperature ≥20oC  
Hydrogen utilization ratio 0.8  
Cathode stoichiometric ratio 2  
Steam-to-carbon ratio 1.5  
Fuel cell power output 450 W  
 
3.3.1 Evaporator and Heat Exchangers 







where, ?̇?𝐻2𝑂 and ?̇?𝐶𝐻3𝑂𝐻 are the molar ratio of the water (stream-1) and the methanol (stream-2) 
respectively. 
The energy balance equation is used to estimate the heat duties of the evaporator and the 
heat exchangers in the system. The general energy balance equation is given in below [205]: 




The evaporator and the heat exchangers are considered steady-state, and there is not any 
work interaction. Thus, Eq. (3.6) can be written as below: 
(?̇?𝑖𝑛 − ?̇?𝑜𝑢𝑡) + (?̇?𝑚𝑎𝑠𝑠,𝑖𝑛 − ?̇?𝑚𝑎𝑠𝑠,𝑜𝑢𝑡) = 0 (3.7) 
3.3.2 Methanol Reformer and Combustor 
Gibbs free energy minimization method is used to estimate composition of the reformate and the 

















This method is commonly used in the literature [82, 207] to calculate molar composition 
of a product in any chemical reactions.  Because CuZn-based catalyst is used for the methanol 
steam reformer in this study, we decided to compare the results obtained from the equilibrium 
using Gibbs free energy minimization method with the experimental results that used CuZn-based 
catalyst (see the “Results and Discussion” for details). We concluded that the molar composition 
of CO calculated from the equilibrium assumption is much higher than that observed from the 
experiment. We also concluded that if the reformer approach temperature of -70 oC is adopted, the 
difference between the results calculated and obtained from experiments will be minimized. Of 
course, for the combustor, we assume that it is at equilibrium with the combustor temperature. 
Heat transfers to the reformer and from the combustor are also calculated using energy 
balance. The combustor temperature is assumed 20 oC higher than the reformer temperature.  
3.3.3 HT-PEMFC 
Various numerical models for modeling HT-PEMFCs are available in the literature, such as the 
one-dimensional of HT-PEMFC in Ref. [208], and the three-dimensional model of it in Refs. [209, 
210]. For this study, a semi-empirical model which has been developed by Korsgaard et al. [211, 
212] is used for the modeling. This model has been also preferred by several researchers such as 
[213-217], because it is very useful for system simulation; in particular, for feasibility studies to 
estimate the effects of different parameters on the fuel cell. Detailed information about this model 
can be found in [211, 212]; thus, we only briefly explain this paper. This model is based on 
experimental studies. In experiments, the HT-PEMFC operating temperature changes from 160 °C 
to 200 oC for various gas compositions, which consist of H2, CO, and CO2. The CO level in the 
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gas composition changes from 0.1% to 10%.  After the experimental studies, Korsgaard et al. [211, 
212] developed equations for modeling HT-PEMFCs using regression analysis. The cell voltage 
without consideration of the anode over-potential is calculated from the following equation: 










where, 𝑉0 is the open circuit voltage. The Tafel equation and the charge transfer coefficient are 
shown in the second term. The ohmic loss is estimated using the third term and the losses due to 
cathode stoichiometry is calculated from the fourth term. Since the reformate gas includes CO, the 
voltage losses due to CO must be considered to estimate the cell operating voltage. The following 




= 0 = 𝑘𝑓ℎ𝑦𝐻2𝑃(1 − 𝜃𝐻2 − 𝜃𝐶𝑂)
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where, 𝑘𝑓ℎ and 𝑘𝑓𝑐 are hydrogen and carbon monoxide adsorption rates, respectively while 𝑘𝑒𝑐 
and 𝑘𝑒ℎ are carbon monoxide and hydrogen electrooxidation rates, respectively. In addition,  𝑏𝑓𝑐 
and 𝑏𝑓ℎ show the carbon monoxide and hydrogen desorption rates, respectively. In equations 3.10 
and 3.11, 𝜃𝐶𝑂 and 𝜃𝐻2  express the surface coverage of carbon monoxide and the surface coverage 
of hydrogen, respectively. Also, 𝑦𝑖 in the above equations shows the molar fraction of the 
component i in the catalyst layer. Equations 3.10 and 3.11 are independent of time because the 
steady state conditions are considered in this study. 
The anode over-potential is calculated as: 










Using Eqs. 3.9-3.12, the cell operating voltage is estimated as: 









− 𝜂𝑎 (3.13) 
The main input parameters for the fuel cell modeling are listed in Table 1. For the 
remaining parameters refer to [211, 212]. 
Additional equations are added in this study to find anode-cathode off-gases, power 
production of the HT-PEMFC stack, and heat transfer from the fuel cell. To calculate the anode-
cathode off-gases it is assumed that only H2 in the anode and O2 in the cathode react and the other 
reformate gases (CO, CO2, and H2O) and N2 are inert gases. The consumed H2 and O2, and 













where, I is the stack current, 𝑁𝑐𝑒𝑙𝑙 is number of cells, and F is Faradays constant. The hydrogen 








?̇?𝐻2,𝑓𝑒𝑒𝑑 ∗ 𝑢𝑓 ∗ 0.5
 (3.18) 
where, 𝑢𝑓 and 𝜆 are H2 utilization ratio and cathode stoichiometric ratio, respectively. 
  
The power production of the fuel cell stack can be found from: 
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𝑃𝑒𝑙 = 𝑉𝑐𝑒𝑙𝑙,𝑜𝑝. 𝑁𝑐𝑒𝑙𝑙. 𝐼 (3.19) 
The heat production in the fuel cell stack is also determined from [215]: 
?̇?ℎ𝑒𝑎𝑡,𝐹𝐶 = ℎ𝑖𝑛,𝑐 ∗ ?̇?𝑐,𝑖𝑛 − ℎ𝑜𝑢𝑡,𝑐 ∗ ?̇?𝑐,𝑜𝑢𝑡 + ℎ𝑖𝑛,𝑎 ∗ ?̇?𝑎,𝑖𝑛 − ℎ𝑜𝑢𝑡,𝑎 ∗ ?̇?𝑎,𝑜𝑢𝑡 − 𝑃𝑒𝑙 (3.20) 
For the heat integration process, we assume that 80% of the fuel cell stack can be recovered.  
The system efficiency is estimated using the net power production from the system and the 
lower heating value of the methanol. Ref [219] was used to estimate the missing components (such 
as temperature controllers, support electronics etc.) power consumption in the system. Overall 





3.4 Results and Discussion 
Catalyst type, SC ratio, reformer temperature, catalyst contact times, and input fuel flow rate to 
the reformer are the key parameters that affect the molar composition of the reformate gas. As 
mentioned before, a CuZn-based catalyst has been chosen for the reformer in this study. In 
addition, a parametric study has been performed to estimate the effects of the SC ratio and the 
reformer temperature (the reaction temperature) on the molar composition of the reformate gas. 
The results have firstly been obtained using equilibrium at reformer temperature. As shown in 
Table 3-3, although the molar ratio of the H2 and the CO2 are very close to the experimental results, 
there is significant difference between the molar ratio of CO at equilibrium and its ratio in the 
experimental studies. To obtain more accurate results, an approach temperature was determined 
using the experimental studies in Refs. [102-105]. Gibbs free energy minimization method was 
also used for this method; however, the results were obtained after subtraction of the approach 
temperature (because its value is negative for this study) from the reformer temperature. Therefore, 
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the molar ratio of the CO is estimated to be very close to that obtained from experiments. The input 
fuel flow rate also plays an important role in determination of the CO molar ratio [175]. However, 
this ratio does not significantly change for small input fuel flow rate. The variation of the molar 
ratios of other gases with the change of the input fuel flow rate can be neglected [175]. For the 
system studied in this paper, the input fuel flow rate is not high enough to significantly affect the 
CO ratio. Thus, the results obtained from this study are satisfactory for the range of input fuel flow 
rates studied. The catalyst contact time also affects the composition of the reformate gas [105]. 
This can be considered for future studies. 
The effect of the steam-carbon ratio and the reformer temperature on the H2 molar ratio 
and the CO is shown in Figs. 3-2 and 3-3, respectively. As shown in these figures, the H2 ratio 
decreases and the CO ratio increase with increasing the reformer temperature. The main reason for 
this is that CO conversion in the water gas shift reaction (Eq. 3.4) decreases at higher temperatures. 
As also shown in the figures, H2 and CO ratio rise with a low steam-carbon ratio. The molar ratio 
of the H2 in the reformate gas is about 60% at the reformer temperature of 240 
oC and the SC=2. 
This ratio increases almost 21% for the same reformer temperature and the SC=1. The molar ratio 
of the H2 is ~71% at the reformer temperature of 300 
oC and the SC=1. The CO ratio decreases 
from ~1.8% to ~0.12% with increasing the SC from 1 to 2 at the reformer temperature of 240oC. 
In addition, the CO ratio dramatically increases at elevated reformer temperatures and lower 
steam-carbon ratios. The highest molar ratio of the CO in the reformate gas is estimated to be 
~3.45% at the reformer temperature of 300 oC and the SC=1. 
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(Tref =240 oC) 
Equilibrium  







[-70 oC app. temp. 
(Tref=260 oC)] 
Exp. 
(Tref=260 oC) [102] 
H2 74.69 74.91 70.1 74.61 74.87 71.6 
 
CO 1.21 0.3 0.172 1.63 0.48 0.365 
 
CO2 24.1 24.77 24.4 23.78 24.64 24.8 
 
(S/C=1.5)  Equilibrium 
(Tref =280 oC) 
Equilibrium [-70 oC app. 




(Tref =300 oC) 
 Equilibrium  




H2 74.47 74.82 73.2 74.33 74.74 73.6 
 
CO 2.12 0.72 0.71 2.68 1.02 1.16 
 
CO2 23.41 24.46 24.9 22.98 24.23 24.8 
 
(S/C=1.1) Equilibrium 
(Tref =260 oC) 
 Equilibrium [-70 oC 





H2 70.91 72.57 73.4 
 
CO 5.01 2.3 1.6 
 
CO2 20.3 22.66 25 
 
(S/C=1.1)  Equilibrium 
(Tref =240 -
260oC) 
 Equilibrium [-70 oC 
app. temp. (Tref=240-260 
oC)] 
Exp. (Tref=240-
260 oC) [104] 
H2 ~71.5-71 ~72 73-74 
 
CO ~4-5 1.67-2.3 1.6-3 
 
CO2 ~21-20.3 23.18-22.65 24-25 
 
(S/C=2) Exp. (Tref=235 
oC) 
Equilibrium [-70 oC app. 




70 oC app. temp. 
(Tref=255 oC)] 
 Equilibrium  









Figure 3-2 Effects of the steam carbon ratio and the reformer temperature on the H2 molar ratio in 
the reformate gas. 
 
Figure 3-3 Effects of the steam carbon ratio and the reformer temperature on the CO molar ratio 
in the reformate gas. 
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Deactivation of the Cu-based catalyst occurs at high temperatures [44], thus temperatures 
above 300 oC are not considered for parametric studies. In addition, high SC ratios are suggested 
to decrease the catalyst deactivation [220]. Therefore, in this study the values obtained for SC=1 
are not used to estimate the fuel cell performance and the input fuel flow rate. 
The effects of the current density, the fuel cell temperature, the SC ratio, the reformer 
temperature and the cathode stoichiometric ratio on the fuel cell voltage are shown in Figs. 3-4 - 
3-6. As shown in the figures, the fuel cell voltage decreases with an increase in the current density. 
It can be seen in Fig. 3-4(a) that the fuel cell voltage decreases from ~0.68 V to ~0.3 V with an  
increasing in the current density from 0.1 A/cm2 to 1 A/cm2 for 240 oC reformer temperature. For 
the same reformer temperature, the fuel cell voltage reduces from ~0.69 V to ~0.35 V and ~0.7 V 
to ~0.37 V for the fuel cell temperature 170 oC (see Fig. 3-4(b)) and 180 oC (see Fig. 3-4(c)), 
respectively. The highest decrease in the fuel cell voltage is found to be  ~10.6% and ~3.7% for 1 
A/cm2 current density, and 160 oC and 170 oC fuel temperatures, respectively, with decreasing the 
SC of the reformer from 2  to 1.25 as shown in Figs. 3-5(a) and 3-5(b). The higher voltage losses 
are obtained with the lower fuel cell temperature; the main reason for this that the voltage losses 
due the CO in the reformate gas increase with the decreasing of the fuel cell temperature. The 
voltage losses due to the CO molar ratio in the reformate gas is shown in the supplementary 
document. The effects of the cathode stoichiometric ratio on the voltage loss of the fuel cell can 
be found from comparison of results in Fig. 3-4(a) and Fig. 3-6. As shown in these figures, less of 
a voltage loss is obtained for the cathode stoichiometric ratio=3. However, this voltage loss can be 
neglected at low current densities. For example, the voltage loss is estimated at ~0.62 V (in Fig. 
3-4(a)) for 0.2 A/cm2 at 240 oC reformer temperature, and the cathode stoichiometric ratio=2, the 
voltage is found ~0.63 V (in Fig. 3-6) for the same parameters at the cathode stoichiometric 
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ratio=3. The same effect of the stoichiometric ratio on the voltage loss is also found in Ref. [213]. 
In addition, other results are verified with Ref. [213].  
 
Figure 3-4 Effects of the reformer temperature and the current density on the fuel cell voltage. The 







Figure 3-5 Effects of the steam carbon ratio and the current density on the fuel cell voltage. The 
results are obtained for: (a) Tcell=160 [oC], (b) Tcell=170 [oC], and Tref=240 [oC], cathode 
stoichiometric ratio=2. 
 
Figure 3-6 Effects of the reformer temperature and the current density on the fuel cell voltage. The 






We can see from Figs. 4-6 that the fuel cell performance is better at elevated fuel cell 
temperatures. The main reasons for this are: (a) better electrochemical kinetics; (b) higher 
membrane proton conductivity; and (c) higher temperature of the fuel cell favors the CO-
desorption [210-212]. However, PBI membrane in the HT-PEMFCs is doped with phosphoric acid 
to increase the proton conductivity, and it is not thermally stable at high temperatures. Therefore, 
the behavior of the acid for higher fuel cell temperatures must be considered [106, 202].  
The fuel flow rate to produce a given electric power is also a key variable to decrease the 
system size and increase the system operational time. The change of the input fuel flow rate with 
fuel cell temperature, the producing power rate from the fuel cell stack, the reformer temperature 
and the hydrogen utilization ratio is found as demonstrated in Figs.3-7 – 3-9. The SC ratio is 
adjusted to 1.5 for all of the calculations. The input fuel flow rate refers to liquid methanol-water 
mixture (stream 3 in Fig.3-1). Variations of the input fuel flow rate to produce 350 W electric 
power employing the HT-PEMFC stack at 160 oC, 170 oC, and 180 oC are shown in Figs. 3-7(a), 
3-7(b), and 3-7(c), respectively. As shown in these figures, the fuel consumption is directly related 
to the fuel cell performance. The input fuel flow rate decreases with an increase in the fuel cell 
temperature and a decrease in the reformer temperature. The hydrogen utilization ratio is also an 
important parameter that affects the input fuel flow rate. The minimum fuel consumption is 
obtained ~11.2 mol/h for uf=0.8, Tref=240 
oC, and Tcell=160 
oC (Fig. 3-7(c)). In other words, ~0.305 
l/h fuel (~0.26 kg/h fuel) is required to produce 350 W power. The maximum fuel consumption is 
estimated to be ~17.1 mol/h (~0.46 l/h) for uf=0.6, Tref=300 
oC, and Tcell=160 
oC (Fig. 3-7 (a)). 
The input fuel flow rate is reported as 0.44 l/h for the H3-350 methanol reformer system to produce 
net 350 W power [201]. It is expected that the effects of the variation of the reformer temperature 
on the fuel flow rate is more for the low fuel cell temperature. For example, the increase in the fuel 
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flow rate is ~8.5% for Tcell=160 
oC and the change of the reformer temperature from 240 oC to 300 
oC, and uf=0.6 (in Fig. 3-7(a)), while this increase is equal to ~3.2% and ~1.5% for Tcell=170 
oC 
and 180 oC, respectively (in Figs. 3-7(b) and (c)).  
 
Figure 3-7 Effects of the reformer temperature and the hydrogen utilization factor on the input fuel 
to produce 350 W power from fuel cell. (a) Tcell= 160 [oC], (b) Tcell= 170 [oC], (c) Tcell= 180 [oC], and 







Figure 3-8   Effects of the reformer temperature and the hydrogen utilization factor on the input 
fuel to produce 400 W power from fuel cell. (a) Tcell= 160 [oC], (b) Tcell= 170 [oC], (c) Tcell= 180 [oC], 








Figure 3-9  Effects of the reformer temperature and the hydrogen utilization factor on the input 
fuel to produce 450 W power from fuel cell. (a) Tcell= 160 [oC], (b) Tcell= 170 [oC], (c) Tcell= 180 [oC], 
and SC=1.5, cathode stoichiometric ratio=2. 
The requirement for the fuel to produce 400 W and 450 W is also shown in Figs. 3-8 and 
3-9. The minimum values are ~13 mol/h and ~15.4 mol/h for 400 W and 450 W power production, 
respectively for uf=0.8, Tcell=180 
oC, and Tref=240 
oC. For the same hydrogen utilization and the 
reformer temperature, these values are ~14.3 mol/h and ~13.6 mol/h for Tcell=160 
oC and 170 oC, 
respectively to produce 400 W power and ~16.9 mol/h and ~16 mol/h for 450 W of  power 
production. Although a high hydrogen utilization ratio is favorable for the fuel consumption, heat 
production of the combustor should be considered with the variation of the hydrogen utilization 
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ratio. The hydrogen that is not consumed in the fuel cell is used in the combustor as a fuel, so the 
hydrogen utilization ratio is important for the heat production in the combustor. 
The heat which must be transferred to the evaporator and the reformer, and the heat 
production in the fuel cell and the combustor are demonstrated in Figs. 3-10 – 3-13. The hydrogen 
utilization ratio is very important for the heat requirement and the production of the components. 
In addition, the cathode stoichiometric ratio is also very important for the heat production of the 
fuel cell and the combustor. Therefore, these parameter`s effects are considered in this study. The 
reformer temperature is also considered because it has an effect on the reformate gas composition. 
 
 
Figure 3-10 Effects of the reformer temperature and the hydrogen utilization factor on the heat 
requirement of the reformer to produce 350 W power from fuel cell. (a) Tcell= 160 [oC], cathode 
stoichiometric ratio=2, (b) Tcell= 160 [oC], cathode stoichiometric ratio=5, and SC=1.5. 
The change of the heat requirement of the reformer is shown in Figs. 3-10(a) and 3-10(b). 
As shown in these figures, the heat requirement significantly changes with the hydrogen utilization 
and the reformer temperature; however, the cathode stoichiometric ratio is not significantly 
important for the change of the heat requirement. The increase of the heat requirement is almost 




oC, and the cathode stoichiometric ratio=2. The reason of this change is to increase the 
input fuel flow rate to produce a given power with a low hydrogen utilization ratio. The heat 
requirement is also significantly changed from ~126 W to ~156 W with the variation of the 
reformer temperature from 240oC to 300oC for uf=0.6, and the cathode stoichiometric ratio=2 (see 
Fig. 3-10 (a)). The molar ratio of the CO increases for high reformer temperatures, and so the 
voltage losses increase as well. Therefore, the input fuel rate increases to compensate these losses 
to produce power, and this causes a higher heat requirement. If we compare Figs. 3-10 (a) and 3-
10 (b), we can see that the heat requirement of the reformer does not significantly change with the 
cathode stoichiometric ratio. The reason being that the fuel cell performance is slightly changed 
along with the change of the cathode stoichiometric ratio; as explained in the previous paragraphs. 
The evaporator heat requirement is also illustrated in Figs. 3-11(a) and 3-11(b). The change 
of the heat requirement is directly related to the input fuel flow rate, like the reformer. Therefore, 
the same parameters have the same effects on the change of the heat requirement of both the 
evaporator and the reformer. The minimum heat requirement of the reformer is obtained as ~145 
W for uf=0.8, the cathode stoichiometric ratio=5, and Tref=240 
oC (see Fig. 3-11 (b)), and the 
maximum ~217 W for uf=0.6, the cathode stoichiometric ratio=2, and Tref=300 












Figure 3-11 Effects of the reformer temperature and the hydrogen utilization factor on the heat 
requirement of the evaporator to produce 350 W power from fuel cell. (a) Tcell= 160 [oC], cathode 
stoichiometric ratio=2, (b) Tcell= 160 [oC], cathode stoichiometric ratio=5, and SC=1.5. 
The heat production in the combustor is demonstrated in Figs. 3-12(a) and (b). In our 
calculations, the combustor temperature is set as 20 oC higher than the reformer temperature for 
the parametric studies. If the oxygen ratio in the cathode off-gas to the fuel ratio in the anode off-
gas less than 1.05, extra air is supplied to the combustor (stream-8 in Fig.1). As shown in Figs. 3-
12(a) and 3-12(b), the hydrogen utilization ratio is a key variable for the heat production in the 
combustor. In addition, the cathode stoichiometric ratio has significant effect on the heat 
production of the combustor. When the cathode stoichiometric ratio is equal to 2, the production 
of enough heat for the reformer is possible with the change of the other parameters (see Fig. 3-10 
(a) and Fig. 3-12 (a)). However, enough heat may not be produced at high cathode stoichiometric 
ratios. As seen in Fig. 3-12 (b), the heat production changes from ~72 W to ~8 W, with the variation 
of the reformer temperature from 240 oC to 300 oC for uf=0.8, and the cathode stoichiometric 
ratio=5. As such, the amount of N2 significantly increases along with the high cathode 
stoichiometric ratio, and this causes dilution of the fuel. Therefore, the heat production rapidly 
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reduces. In particular, this is very important for the high hydrogen utilization ratio, because the 
amount of hydrogen decreases considerably, and this causes a higher decrease in the heat 
production at high cathode stoichiometric ratios. 
 
Figure 3-12 Effects of the reformer temperature and the hydrogen utilization factor on the heat 
production of the combustor to produce 350 W power from fuel cell. (a) Tcell= 160 [oC], cathode 





The heat production from the fuel cell is shown in Fig. 3-13. Here, the effect of the 
hydrogen utilization ratio on the heat production is not considered, because there are only small 
variations with the hydrogen utilization ratio. Therefore, the results which are demonstrated in Fig. 
3-13 are only obtained for uf=0.6. The heat production from the fuel cell stack is around 335 W. 
Although the fuel cell stack cathode heat is used for the evaporator in the H3-350, the fuel cell 
heat cannot be used for the reformer, due to the fuel cell`s temperature. If high methanol conversion 
with low temperature (at the fuel cell temperature) can be achieved for future applications, the fuel 
cell stack heat can be used for both the evaporator and the reformer, in which case the  combustor 
may be removed from the system. The heat duties of the other heat exchangers in Fig. 3-1 are 
shown in the supplementary document.  
 
Figure 3-13 Fuel cell heat production for 350 W power generation. Tcell=160 [oC], SC=1.5, cathode 
stoichiometric ratio=2. 
The system efficiency is shown in Fig. 3-14. The efficiency is calculated for Tref=240 
oC, 
and 300 oC. As shown in the figure, the maximum efficiency is obtained as 35% for Tcell=180 
oC, 
and Tref=240 
oC. For the same reformer temperature, the efficiency decreases to ~32% for Tcell=160 
oC. The efficiency change significantly with the fuel cell temperature for Tref=300 
oC. The system 
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efficiency is ~34% for Tcell=180 
oC, while it is ~27% for Tcell=160 
oC. As mentioned previously, 
the main reason of this change is the CO molar ratio in the reformate gas that increases with 
increasing of the reformer temperature, and this causes decrease in the fuel cell performance. 
 
Figure 3-14 The system efficiency for 450 W power generation from the fuel cell stack. 
3.5 Conclusions 
The results found in this study show the different parameters effects on the reformate gas 
composition, the fuel cell performance, the input fuel flow rate, the heat requirement of the 
evaporator and the reformer, as well as the heat production of the combustor and the fuel cell stack. 
The highest fuel cell performance and the lowest input fuel flow rate to produce a given electric 
power have been obtained for the higher fuel cell temperature. The results indicated that the system 
can be operated 20 h with ~5.2 kg fuel to produce 350 W electric power from the fuel cell stack 
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for uf=0.8, Tref=240 
oC, and Tcell=180 
oC. The results also show that heat production from the 





Multiphysics modeling and heat distribution study in a catalytic 
microchannel methanol steam reformer 
This chapter is reprinted in adopted form with permission from American Chemical Society:  
MS Herdem, M Mundhwa, S Farhad, and F. Hamdullahpur. Multiphysics modeling and heat 
distribution study in a catalytic microchannel methanol steam reformer, Energy and Fuel, 2018, 
32, 7220-7234. 
4.1 Introduction 
Hydrogen as a fuel has promising potential to produce power that is environmentally friendly and 
provides high efficiency by employing fuel cells. One of the most important barriers to fuel cell 
systems becoming more commonplace for power generation applications - in particular for 
portable applications - involves the difficulties regarding hydrogen transportation and storage 
infrastructure. Hydrogen has higher gravimetric energy density than hydrocarbon and alcohol fuels 
as shown in Table 1, but in terms of its volumetric energy density (Wh/l), it is significantly less 
dense than other fuels [31]. Therefore, to overcome hydrogen transportation and storage issues, 
alternative fuels can be converted to hydrogen rich gas using fuel reforming in order to provide 
the required fuel for fuel cells. There are several liquid oxygenated hydrocarbons [229], including 
methanol [18, 106, 230], ethanol [231], and glycerol [232] that possess the potential for renewable 
hydrogen production, and they are stored and transported more easily than gas fuels such as biogas 
[233] and methane [234]. Among the liquid oxygenated hydrocarbons, methanol stands out as an 
attractive fuel for the steam reforming process due to its low reforming temperature, low steam to 
carbon ratio, and proper miscibility with water. In particular, methanol is an ideal fuel to produce 
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hydrogen for high temperature proton exchange membrane (HT-PEM) fuel cells due to its unique 
properties mentioned above.  















Hydrogen H2 142.0 0.0128 0.0899
1 -252.9 
Methane CH4 55.5 0.0388 0.668
2 -161 
LPG C3-C4 50.0 26.25-29 525-580 -42 
Methanol CH3OH 22.5 17.82 792 65 
Ethanol C2H5OH 29.7 23.43 789 78 
Gasoline C4-C12 45.8 32.93 719 30-225 
JP-4 C6-C11 45.8 34.4-36.73 751-802 45-280 
JP-7 C10-C16 46.8 36.45-37.72 779-806 60-300 
Diesel C9-C24 45.3 38.5 ~850 180-340 
1.) Density at 0 oC and 1 atm. 
2) Density at 20 oC and 1 atm. 
*) For liquid fuels, density at 20oC. 
It is well known that steam reforming of methanol (SRM) is a highly endothermic process; 
hence it requires an efficient and adequate heat supply. This can be achieved in microchannel 
methanol reformers because they have high surface-to-volume ratio that can be as high as 10,000 
to 50,000 m2/m3 [14]. In addition, thin layers of appropriate catalysts are coated on the surface of 
a plate/wall in a microchannel plate reformer, which improves the activity of the reforming catalyst 
[15]. Therefore, many researchers have investigated various aspects of the performance of 
microchannel methanol reformers. 
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Kaznetsov & Kozlov [235] used a two-dimensional (2D) model to understand temperature 
distribution and methanol conversion with variation of the external uniform and linearly falling 
heat flux. They did not consider the 2D catalyst layer domain and the effects of catalyst layer 
thickness on  methanol conversion and temperature distribution. Chen et al. [236] performed a 
numerical simulation using Fluent software to evaluate the effects of the liquid feed rate, the 
reaction temperature, and the steam to carbon (S/C) ratio on the plate type microreformer for SRM. 
They employed the power rate law for the kinetic expressions and did not use any external heat 
supply to provide heat for the endothermic SRM reactions. Hsueh et al. [237] developed a 
numerical model of a microchannel plate methanol reformer to investigate the heat and mass 
transfer phenomena, along with flow configuration. They considered combustion of methanol in 
an adjacent parallel flow-channel to supply the required endothermic heat to the reforming sites. 
They reported that a higher Reynolds number in the combustion-channel than in the reforming-
channel can improve the conversion of methanol on the reforming side. They also predicted 10% 
more methanol conversion in the reforming-channel in the case of counter-flow configuration 
compared to co-flow configuration. Hsueh and collaborators [238] also investigated the influence 
of the parallel flow field and the serpentine flow fields on a plate methanol steam micro-reformer 
and a methanol catalytic combustor. They found that the methanol conversion increased by 23% 
with the serpentine flow field. Fazeli and Behnam [239] modeled a wall-coated microchannel 
methanol reformer to examine the influence of reactor geometry on the reformer performance. 
They considered zigzag and straight plate designs and found that zigzag plate design provides 
better heat and mass transfer rates compared to the straight plate design. On the same path, Hao et 
al.[240] examined the influence of reformer geometry on the flow distribution. They also 
investigated the influence of the reforming-catalyst layer on the performance of a microchannel 
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methanol steam reformer. They found that with certain entrance design and channel inclination 
angle, uniform flow distribution can be achieved. Tadbir and Akbari developed two-dimensional 
(2D) [241] and three-dimensional (3D) [242] numerical models to investigate the influence of 
various parameters on a microchannel methanol reformer. They considered square channels with 
700 µm sides for 2D and 3D models for the baseline case simulation runs. They estimated that 
enough hydrogen can be produced to feed a 30 W PEM fuel cell by employing a microchannel 
methanol reformer consisting of 1540 square channels with 20 mm length. Uriz et al.[243] 
investigated the effects of flow-distribution and heat losses via a computational fluid dynamics 
model of a microchannel methanol reformer consisting of 100 channels coated with Pd/ZnO 
catalyst. Recently, Sari and Sabziani [244] reported a 3D model of a microchannel methanol 
reformer and investigated the influence of inlet steam to methanol ratio, pre-heat temperature, 
channel geometry and size, and the level of external heat flux on the performance of a methanol 
reformer. Sari and Sabziani [244] found that maximum hydrogen molar flow rate can be obtained 
for inlet S/C = 1.4 and increasing inlet S/C ratio monotonically reduces the reaction temperature 
and carbon monoxide concentration. They also compared the accuracy of two diffusive flux 
models and found that the Maxwell-Stefan model showed better agreement with experimental 
results compared with the mixture-averaged model. A more detailed and comprehensive literature 
review regarding microchannel and microstructure reformers are presented by Kolb [44] and 
Holladay & Wang [159]. In addition to these works, some research groups have recently 
investigated feasibility of internal reforming of methanol fuel cell (IRMFC) system [127, 186, 
187] and evaluated highly active and durable noble metal catalyst for external methanol steam 
reforming [113, 245]. 
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  The literature review has revealed that most research on numerical modeling of 
microchannel methanol reformers have considered the scale of the microchannel reformer to feed 
less than a 100 W fuel cell. However, fuel cells are more competitive with other alternative 
technologies such as batteries, diesel generators for military and auxiliary power unit applications 
[2,169] whose power requirements are more than 100 W.  In addition, the numerical models 
developed for the microchannel methanol reformers have considered one-dimensional (1D) 
catalyst layer domain in the axial direction and ignored the internal diffusion limitation and the 
influence of the catalyst layer’s thermal conductivity, porosity, pore diameter, tortuosity, effective 
diffusivity, permeability and internal diffusion limitation. To design and achieve the commercial 
product of new generation micro-channel methanol reformers, it is important to understand the 
effects of thermal management, and the microstructure of the catalyst layer. 
In this study, our main goal is to investigate the effects on methanol conversion of catalyst 
layer thickness under various heat transfer scenarios to understand how the performance of 
microchannel methanol reformers can be increased and size can be decreased for power generation 
between 100 and 500 W. Firstly, various kinetic models based on power rate laws developed by 
Jiang et al.[246], Purnama et al.[120], and Sa et al.[143] and Langmuir-Hinshelwood macro-
kinetic rate expressions developed by Peppley et al.[138] are compared with experimental data 
247]. Then, the most appropriate rate expression for this study is selected to accurately estimate 
the methanol conversion and temperature of the reformer. Diffusion limitation through the catalyst 
layer is investigated by determining the catalyst effectiveness factor. In addition, parametric 
studies are performed to reveal the effects of the catalyst porosity on the microchannel methanol 
reformer. The porosity affects the pore size, tortuosity and effective physical properties of catalyst 
layers; thus, the porosity is considered for the parametric studies. Finally, the results obtained from 
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two different models are compared: a model with a 2D catalyst layer domain and another model 
with a 1D catalyst layer domain. 
To achieve our goals, a 2D multiphysics model is employed which includes mass, 
momentum and heat transfer balance equations as well as the reaction kinetics equations and the 
properties of porous catalyst layer. The Maxwell-Stefan model is implemented into the model to 
estimate diffusive mass flux. Mean pore size of the catalyst is calculated by employing Kozeny’s 
equation [248], and the tortuosity of the catalyst layer is estimated by using the Bruggeman 
equation [249].   
4.2 Modeling framework 
The 2D drawing of the microchannel reformer is illustrated in Fig. 4-1. The modeling work 
consists of a computational geometry with two domains: (1) porous catalyst layer and (2) 
reforming-channel for free flow. The model developed in this study considers the mass, 
momentum and energy conservation equations in both reforming channel and porous catalyst layer 
domains simultaneously and incorporates chemical reactions along the channel and catalyst layer 
thickness directions. The governing equations and boundary conditions that are presented in [250-
252] were adopted in this study. In addition, numerical integration is implemented in the model to 
estimate the effectiveness and other parameters, and a step-wise solution method is developed to 
prevent possible convergence errors for this study. The step-wise solution method is also used to 
choose the values of the parameters for the parametric study. This section presents the physical 
properties, reaction kinetics, input conditions, boundary conditions, solution schema and 
assumptions used in this work in detail. Although the developed model is for a microchannel 





Figure 4-1 2D schematic of the simulated domains of the methanol steam reformer (not to scale). 
4.2.1 Physical properties 
The diffusivities, viscosities, thermal conductivities and heat capacities of pure components are 
calculated as a function of temperature. In addition, weight fractions of the components, which are 
CH3OH, H2O, H2, CO2 and CO are considered in order to estimate the physical properties of the 
gas mixture. 









)× 10−4 (4.1) 
where, T (K) and Pg (bar) are the temperature and pressure of the gas stream. Other variables 
(ΩD, σij, and Mij) required for Eq. 4.1 are listed in Table B. 1 of the Supporting Information. The 
characteristic length and Lennard-Jones energy parameters are listed in Table B. 2 of the 
Supporting Information. The effective diffusivities (𝐷𝑖𝑗
𝑒𝑓𝑓
) are applied to estimate the diffusive 
fluxes of various chemical species inside porous catalyst layer and are estimated by considering 
Knudsen (𝐷𝑖
𝐾) and binary (𝐷𝑖𝑗) diffusion coefficients [254]








































𝜏 = Φ−0.5 (4.4) 
In Eq. 4.3, dpore is the mean pore size of the catalyst particles and it is estimated using Kozeny`s 
















The constants (𝑎, 𝑏, 𝑐, 𝑑) required in Eq. 4.6 are given in Table B. 3 of the Supporting Information. 







Where N is the number of chemical species, 𝑦𝑖  is the mole fraction of species i, and the 




























The thermal conductivity of the gas mixture is estimated by employing the pure component 
thermal conductivities (𝑘𝑖) instead of 𝜇𝑖 in Eq. 4.7 and the pure component thermal conductivities 










The constants (𝑐1, 𝑐2, 𝑐3, 𝑐4) in Eq. 4.9 are listed in Table B. 4 of the Supporting Information. 
The heat capacity values for the pure components and for the gas mixture are computed using the 
following equations [205]: 









where, 𝑀𝑚𝑖𝑥 is the molecular weight of the reformate gas mixture, and required constants are 
tabulated in Table B. 5 of the Supporting Information. 
4.2.2 Reaction kinetics 
The methanol steam reforming rate expressions reported in the literature can be divided into two 
main categories: (1) rate expressions based on power rate law [120, 140, 143, 246], and (2) rate 
expressions based on elementary surface-reaction mechanisms [138, 143, 258]. Three different 
rate expressions based on power rate laws [120, 143, 246] and the rate expressions derived from 
proposed elementary surface-reaction mechanisms [138] are chosen to determine which rate 
expression represents the experimental data of methanol steam reforming most accurately. 
Jiang et al.[246] and Sa et al.[143] derived a rate expression based on the power rate law 
for the methanol steam reforming reaction given in Eq. 4.12: 







Purnama et al.[120] also used the power rate law to derive rate expressions; however, they 
also considered the reverse water gas shift reaction (Eq. 4.13) with the methanol steam reforming 
reaction (Eq. 4.12): 





The kinetic model suggested by Peppley et al.[138] considered the methanol steam 
reforming reaction (Eq. 4.12), the methanol decomposition reaction (Eq. 4.14), and the water gas-
shift reaction (Eq. 4.15): 










Detailed information about the rate expressions are provided in the Supporting Information. 
4.2.3 Inlet conditions and other parameters 
The input parameters which are used for the modeling of the reformer are shown in Table 4-2. For 
the selection of parameters, we consider Refs. [259] and [18].  A methanol microchannel reformer 
with Pd/ZnO catalyst is experimentally examined in Ref. [259]. The results [259] show that the 
produced hydrogen from this reformer is enough to produce power in the range of 218-255 W 
using a commercial PEM fuel cell with 80% hydrogen utilization. Therefore, we use Ref. [259] to 
decide  the dimensions of the reformer. In addition, a comprehensive parametric study was 
performed in Ref. [18] to investigate the effects of various parameters on a HT-PEM fuel cell 
system fed with hydrogen obtained by methanol steam reforming to produce power in the range 
of 100 to 500 W. Therefore, Ref. [18] is used to decide input temperature, flow rate and steam to 
carbon ratio to the reformer channel.  
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Table 4-2 The input parameters for the simulation of the microchannel reformer. 
Parameter Unit Value 
Inlet molar flow rate of methanol [mol/h] 0.0247, 0.0371, 0.0494 
Steam to carbon ratio [-] 1.5 
Inlet temperature of the input fuel flow rate [K] 423.15 
Pressure [Pa] 101325 
Height and width of the channel [m] 700E-6 
Length of the reformer [m] 0.2 
Catalyst layer thickness [μm] 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 
Catalyst porosity [-] 0.4, 0.8 
Catalyst permeability [m2] 1e-16 
Mean particle size of the catalyst [nm] 36 
Catalyst bulk density [kg/m3] 1300 
 
A few assumptions are also considered for the development of the multiphysics model: (1) 
compressible ideal-gas law, (2) fully-developed inlet laminar flow, (3) the catalyst layer is 
isotropic, and (4) reactions take place in the catalyst layer. 
Governing partial differential equations for the fluid flow, heat transfer and mass transfer 
are listed in Table 4-3.  
The physical properties used for the equations in Table 4-3 are presented in the previous 
section. In addition, the gas mixture density (𝜌𝑚𝑖𝑥) is calculated by employing the ideal gas 
equation. Also, 𝑘𝑒𝑓𝑓 in Eq. 4.26 is the effective thermal conductivity [254]:
 
𝑘𝑒𝑓𝑓 = 𝜙𝑘𝑚𝑖𝑥 + (1 − 𝜙)𝑘𝑐𝑎𝑡 (4.26) 
where,  𝑘𝑐𝑎𝑡 is the solid catalyst thermal conductivity, and it is estimated based on alumina, 
employing the following equation [260]: 







Table 4-3 The governing equations and the boundary conditions used for mathematical model. 
The Reforming Channel 






















































































) = 0 (4.18) 










































































The inlet conditions: 𝑥 = 0; ∀ 𝑦 
𝑢𝑥 = 𝑢𝑥,𝑖𝑛,  𝜔𝑖 = 𝜔𝑖,𝑖𝑛, 𝑇 = 𝑇𝑖𝑛 
The outlet conditions: 𝑥 = 𝐿; ∀ 𝑦 


















The Catalyst Layer (Porous Media) 

























































































) = 0 (4.23) 







































































))) + 𝑅𝑖 
(4.25) 
Boundary Conditions 




























Along the catalyst external wall interface: 𝑦 =
𝐻𝑐
2
+ 𝛿𝑐𝑎𝑡;  ∀ 𝑥 




Along the catalyst-reforming channel interface: 𝑦 =
𝐻𝑐
2
;  ∀ 𝑥 
Continuity: momentum, mass and heat flux components normal to the boundary are continuous 
across the boundary: ?⃗? (𝑁𝑐ℎ − 𝑁𝑐𝑎𝑡) = 0 
 
The effects of the parameters on the microchannel reformer in this study are investigated 
for isothermal and non-isothermal cases. For the non-isothermal study, the uniform heat-flux and 
non-uniform heat-flux are considered to supply the heat to the endothermic reforming sites. Eq. 
4.28 is employed to change the heat flux for the uniform and non-uniform heat flux case studies: 
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?̇? = ?̇?𝑠𝑜𝑢𝑟𝑐𝑒 exp(−𝑎𝑥)
𝑛 (4.28) 
where, ?̇? denotes the heat flux (W/m2), ?̇?𝑠𝑜𝑢𝑟𝑐𝑒 and 𝑎 are adjustable parameters, and 𝑥 the axial 
location. In addition, 𝑛 is a constant and is equal to 0 and 1 for the uniform and non-uniform heat 
flux cases, respectively. Eq. 4.28 is previously used in Ref. [255] for non-uniform heat flux case 
studies for a microchannel methane reformer. This equation is particularly suitable to provide the 
highest heat flux at the entrance of the reformer, and almost zero heat flux at the exit of the 
reformer. Therefore, this equation is selected for our study.  Further information and discussion in 
detail about the heat supply are provided in the results and discussion section. 
 
Methanol conversion is calculated as a function of inlet and exit methanol flows: 























The governing equations in this section are solved by using the finite element method 
(FEM) with the simulation software package COMSOL Multiphysics 5.3. The most important 
issue is to obtain solutions for the governing equations on the thin catalyst layer; in particular, for 
high methanol conversion (up to 70%). Therefore, a stepwise solution approach is developed in 
order to prevent possible convergence errors. Firstly, it is assumed that there is no heat sink and 
heat source, then we obtain solutions for only flow, flow and chemical species. After that, the 
solutions are updated for all three: flow, chemical species, and heat transfer. Lastly, the heat sink 
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and source are added to obtain the final results. The solutions that are obtained in each step are 
used as initial values for the other step. After solving the equations, numerical integration is used 
to calculate Eq. 29 and Eq. 30. In addition, numerical integration is used to estimate the average 
value of the hydrogen production rate.  
4.3 Model validation and selection of kinetic model 
As mentioned earlier, three different rate expressions based on power rate laws [120, 143, 246] 
and the rate expressions based on the Langmuir Hinshelwood Hougen Watson approach and 
derived from elementary surface-reaction mechanisms [138] are compared against the 
experimental data of Kim and Kwon [247]. Kim and Kwon used a microchannel methanol reformer 
consisting of 13 channels, with the height, width and length of a single channel 1 mm x 0.5 mm x 
20 mm. Reforming-catalyst (Cu/ZnO) with approximately 30 𝜇m thickness was coated on the 
surface of the metal plate [247]. They carried out the experimental work at 150 °C, and the inlet 
flow rates between 0.01 and 0.5 ml/h with SC = 1.1. A uniform heat flux of 1,000 W/m2 was 
supplied to the reformer. To validate the model, the exact dimensions of the experimental methanol 
steam reformer used by Kim and Kwon [247]  are considered along with the same inlet conditions. 
The comparison of the methanol conversion between the experimental values and model 
predictions based on different kinetic models are illustrated in Fig. 4-2.  
As shown in Fig. 4-2, there is excellent agreement between the experimental and the 
calculated methanol conversions of all four models with the highest R-squared value of 0.992 from 
Peppley`s et al.[138] kinetic model. Furthermore, the outlet temperature of the reformate gas is 







Figure 4-2 Comparison of the methanol conversion between experimental values and model 





Figure 4-3 Comparison of the reformate gas outlet temperature between experimental values and 
model predictions based on different kinetic models.  
Although much information is clearly given in Ref. [247], some information is not 
explained. For example, there are different types of commercial Cu-based catalysts for methanol 
steam reforming such as BASF K3-110, and BASF RP-60. BASF K3-110 was used in Peppley`s 
et al. study [138]; however, it was reported that BASF RP-60 was more active than BASF K3-110- 
particularly at low temperatures [261]. The information about the type of catalyst is not clearly 
mentioned in Ref. [247]. In addition, there is no information about the accuracy of the experimental 
data. These uncertainties may cause the deviation between the experimental data and the data that 
are obtained from the modeling. However, Peppley`s et al.[138] kinetics is the best option as 
considering the scope and objectives of this study. Therefore, the kinetic model developed by 
Peppley et al.[138] is selected in this study. 
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4.4 Results and Discussion 
Commercial CuO/ZnO/Al2O3 catalysts are commonly used for methanol steam reforming in the 
market due to relatively low cost and high activity at low operating temperatures (between 250 oC 
and 300 oC) compared to other types of catalysts. However, an effective heat supply strategy 
should be devised to achieve high methanol conversion. In particular, the methanol conversion 
should be at least 90% in order to prevent serious degradation of HT-PEM fuel cells [262]. 
Various heat supply strategies have been used in the literature: combustion of methanol 
[241, 242], anode-off gas combustion [106], and uniform heat flux [235, 244, 259, 263]. In 
addition, some researchers recently investigated the feasibility of heat integration of a methanol 
steam reformer with a HT-PEM fuel cell [186, 264]. Additionaly, heat can be transferred to the 
reformer reactor by using various heat transfer fluids such as triethylene glycol (TEG) [265]. It 
should be noted that the uniform heat flux is generally used to provide heat to the reformer for 
experimental studies in research labs [247, 259]. In addition, the uniform heat flux supply can be 
suitable for small scale power generation (less than 30 W) by using a small battery in the system. 
However, the non-uniform heat flux is more realistic for commercial systems [18]. In this study, 
to reveal the effects of temperature distribution of the reformer, the performance of the micro-
channel reformer is investigated for an iso-thermal case (as an ideal case), and a non-isothermal 
case with uniform and non-uniform heat fluxes.  
Eq. 4.27 is used in this study to change the reformer temperature as explained in section 
4.2.3. However, the references [106, 241, 242] and [244] are considered in selecting the parameters 
?̇?𝑠𝑜𝑢𝑟𝑐𝑒, 𝑎 𝑎𝑛𝑑 𝑛 in Eq. 4.27. For example, the rate of heat transfer is high at the entrance of the 
reformer, and it approached zero at the exit of the reformer when combustion of methanol [241, 
242] or anode-off gas combustion [106] are used to provide heat to the reformer. Therefore, the 
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temperature at the entrance increased significantly. To consider this situation, we chose high 
?̇?𝑠𝑜𝑢𝑟𝑐𝑒, and 𝑎 values for the non-uniform heat flux case study.  
4.4.1 Isothermal study 
The influence of catalyst layer thickness and porosity on the performance of a microchannel 
reformer is studied for an isothermal situation as an ideal case at 252 oC. The methanol input fuel 
flow rate is equal to 0.0247 mol/h for the catalyst layer thicknesses from 10 to 50 µm while it is 
equal to 0.0494 mol/h for the variation of the catalyst layer thickness from 60 to 100 µm. The 
amount of the input methanol flow rate is increased 2 times for greater catalyst layer thickness to 
compare the effects of the catalyst layer thickness at the same reformer temperature. The catalyst 
porosity is 0.4 for Fig. 4, 5 and 6(a), and it is 0.8 for Fig. 6(b) and (c). The other parameters for 
modelling are listed in Table 4-2. 
Figs. 4-4(a) and (b) show the variations of the methanol conversion with the change of the 
catalyst layer thickness. As seen in Fig. 4-4(a), the methanol conversion is very low for a thin 
catalyst layer. The conversion is equal to ~22% for 𝛿𝑐𝑎𝑡 = 10 𝜇m at the exit of the reformer. The 
methanol conversion dramatically increases from ~22% to ~93% with the variation of the catalyst 
layer thickness from 10 to 50 µm as illustrated in Fig. 4-4(a). The conversions are also equal to 
~42%, ~60%, and ~76% for the catalyst layer thicknesses of 20, 30 and 40 𝜇m, respectively. The 
change of methanol conversion with the variation of the catalyst layer thickness from 60 to 100 
𝜇m can be seen in Fig. 4-4(b). The methanol conversion rises approximately 52% when the catalyst 








Figure 4-4 Change of the methanol conversion with variation of the catalyst layer thickness at 252 
oC and 𝝓=0.4, inlet methanol flow rate to the channel (a) 0.0247 (mol/h), (b) 0.0494 (mol/h). 
Figs. 4-5(a) and (b) present the change of the rate of the steam reforming reaction as a 
function of the catalyst layer thickness and the axial direction of the reformer for the isothermal 
case study. As expected, the reaction rate rises significantly with an increase in the catalyst layer 
thickness for the isothermal case. The highest reaction rate is estimated for all the catalyst layer 
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thicknesses at the inlet of the reformer. As shown in Figs. 4-5(a) and (b), the reaction rate decreases 
along the axial direction of the reformer because the reactants are consumed along the reformer 
length. It can be understood from these results that the performance of the reformer can be 
improved with a thick catalyst layer; however, the mechanical stability of the catalyst layer, which 
is beyond the scope of this paper, and the catalyst effectiveness factor should be considered when 
making increases to the thickness of the catalyst layer. 
 
 
Figure 4-5 Change of the reaction rate of the steam reforming reaction with variation of the catalyst 




The changes in the effectiveness factor for the steam reforming reaction with the variation 
of the catalyst layer thickness are shown in Figs. 4-6(a) and (b). In our study, the variation of the 
catalyst effectiveness factor across the axial direction of the reformer is defined as the ratio of the 
average reaction rate to the surface reaction rate at the top of the catalyst layer (see Eq. 4.29). The 
variation of the effectiveness factor with the catalyst layer thickness of 0.4 for the catalyst porosity 
at 252 oC is shown in Fig. 4-6(a). As demonstrated in Fig. 4-6(a), although the effectiveness factor 
is very close to 1 for all of the catalyst layer thicknesses, it is relatively low at the entrance of the 
reformer for a thicker catalyst layer. Indeed, the effectiveness factor can also be calculated by using 
the Thiele modulus, which can be found as a function of the catalyst layer thickness, the reaction 







For small Thiele modulus values, the effectiveness factor approaches 1, while the effectiveness 
factor decreases with large Thiele modulus values [266]. As shown in Eq. 4.31, the Thiele modulus 
increases with an increase in the catalyst layer thickness. The catalyst effectiveness factor changes 
from 0.83 to 0.9 for 𝛿𝑐𝑎𝑡 = 100 𝜇m between the reformer inlet and 0.005 m, while it varied from 
~0.98 to ~0.995 for 𝛿𝑐𝑎𝑡 = 10 𝜇m. It can be also seen from Fig. 4-6(a) that the effectiveness factor 
is higher than 0.9 across the axial direction of the reformer for all the catalyst layer thicknesses up 
to 50 𝜇m. It is less than 0.9 at the entrance of the reformer for the catalyst layer thickness greater 
than 50 𝜇m. The effectiveness factor at the entrance of the reformer can be increased for higher 
effective diffusivity values. The effectiveness changes from ~0.83 to ~0.93 at the entrance of the 
reformer for 𝛿𝑐𝑎𝑡 = 100 𝜇m with the variation of the porosity from 0.4 to 0.8 as shown in Fig. 4-
6(b). However, it should be noted that there is no significant change in the methanol conversion 
with the variation of the porosity up to 𝛿𝑐𝑎𝑡 = 50 𝜇m. Fig. 4-6(c) shows an increase in methanol 
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conversion (%) with the variation of the porosity from 0.4 to 0.8. The increase in methanol 
conversion is less than 1% up to 50 𝜇m catalyst layer thickness with the change in porosity from 
0.4 to 0.8. The meaningful change is only estimated for 100 𝜇m catalyst layer thickness. The 
conversion at the exit of the reformer increases from ~88% to ~93% for 𝛿𝑐𝑎𝑡 = 100 𝜇m with the 
variation of the porosity from 0.4 to 0.8.  
 
Figure 4-6 Change of the catalyst effectiveness for the steam reforming reaction and methanol 
conversion with the variation of the porosity and catalyst layer thickness at 252 oC (a) 𝝓=0.4, (b) 




4.4.2 Uniform Heat Flux Case Study 
Changes in temperature, reaction rate, methanol conversion and hydrogen production for uniform 
heat flux are presented in Figs. 4-7(a-d). The results are obtained as a function of the catalyst layer 
thickness and the axial direction of the reformer. The inlet methanol flow rate, the catalyst porosity, 
and the heat flux are equal to 0.0247 mol/h, 0.4, and 1500 W/m2, respectively for all calculations. 
The other parameters for the modelling are implemented from Table 4-2. 
Figs. 4-7(a-c) should be evaluated together to reach more concrete conclusions about the 
effects of temperature distribution on the reformer performance for the uniform heat flux case 
study. As seen in Fig. 4-7(a), the temperature change with the variation of the catalyst layer 
thickness is about the same from the reformer inlet and 0.025 m. The temperature increases from 
150 oC to ~212 oC between the reformer inlet and 0.025 m. The methanol conversion is less than 
~1% for the catalyst layer thicknesses of 30, 40 and 50 𝜇m up to 0.025 m. This is due to low 
temperature in this region; therefore, the catalytic activity is very low. Higher temperatures are 
calculated for thinner catalyst layer thickness after 0.025 m as illustrated in Fig. 4-7(a). The reason 
for this is that the heat generation is higher for greater catalyst layer thickness because of the higher 
reaction rate (Fig. 4-7(b)). The temperature difference with the change of the catalyst layer 
thickness increases up to 0.075 m. At this point, the temperature is ~6 oC higher for the catalyst 
layer thickness of 30 µm than the temperature calculated for 𝛿𝑐𝑎𝑡 = 40 µm, while it is 10 
oC higher 
than the temperature found for 𝛿𝑐𝑎𝑡 = 50 µm. The temperature difference does not change 
between 0.075 m and the exit of the reformer (0.2 m). The temperature is equal to ~267 oC, ~ 261 




The reaction rate is slightly higher at the exit of the reformer for greater catalyst layer 
thicknesses, although the temperature is lower. The methanol conversion is equal to ~81.7%, 
~83.2%, and ~84.2% at the exit of the reformer for 𝛿𝑐𝑎𝑡 = 30, 40 and 50 𝜇m, respectively as seen 
in Fig. 4-7(c), while the hydrogen production is ~0.061, ~0.062, and ~0.063 mol/h (Fig. 4-7(d)). 
It can be concluded from these results that there is no significant improvement on the performance 
of the reformer with an increase in catalyst layer thickness for the uniform heat flux supply. 
 
Figure 4-7 Change of (a) the reformer temperature, (b) the reaction rate of the steam reforming 
reaction, (c) the methanol conversion and (d) the hydrogen production with variation of the catalyst 
layer thickness. 𝝓 = 𝟎. 𝟒, inlet methanol flow rate to the channel is equal to 0.0247 (mol/h).  
?̇?𝐬𝐨𝐮𝐫𝐜𝐞 = 𝟏𝟓𝟎𝟎𝐖 𝐦
𝟐⁄ , 𝐧 = 𝟎.  
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It should be noted that the results in Figs. 4-7(a-d) are presented with the variation of the 
catalyst layer thickness from 30 to 50 µm. The other results for catalyst layer thicknesses greater 
than 50 µm are not shown in this section because the methanol conversion is increased  by a factor 
of  only 0.032 with the variation of the catalyst layer thickness from 50 to 100 µm. In addition, our 
calculations show that the change in methanol conversion is almost negligible with the variation 
of the catalyst porosity for the uniform heat flux case study. As explained previously, the 
effectiveness factor is relatively low at the entrance of the reformer; specifically, for thicker 
catalyst layers. The effectiveness factor at the entrance increases with an increase in porosity; 
however, the temperature is very low at the entrance of the reformer, resulting in a lower utilization 
of catalyst at the entrance region for the uniform heat flux case. Therefore, there is no significant 
effect of the change of the porosity on the reformer performance for the uniform heat flux supply 
to the reformer. 
4.4.3 Non-uniform Heat Flux Case Study 
For the non-uniform heat flux case study, the heat flux is defined as a function of the axial location 
and it is equal to Q̇ = 32500exp (−100x) W/m2. The same inlet conditions, which are used for 
the uniform heat flux case study, are also employed for the non-uniform heat flux case. 
Figs. 4-8(a-d) demonstrate changes in the reformer temperature, reaction rate, methanol 
conversion and hydrogen production along the axial direction of the reformer with the variation of 
the catalyst layer thickness for the non-uniform heat flux case. As seen in Fig. 4-8(a), the 
temperature for all the catalyst layer thicknesses dramatically increases between the reformer inlet 
and 0.01 m. The temperature reaches its maximum value at 0.01 m, and it was ~313 oC, ~306 oC, 
~301 oC for 𝛿𝑐𝑎𝑡 = 30, 40 and 50 𝜇m, respectively. The reaction rate is very close along the axial 
direction of the reformer for the catalyst layer thicknesses of 30, 40, and 50 µm as shown in Fig. 
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4-8(b); however, the reaction rate is slightly higher for greater catalyst layer thicknesses up to 0.01 
m. Therefore, the heat generation is higher for the greater catalyst layer thicknesses up to 0.01 m. 
This is the main reason that the temperature is higher for thinner catalyst layer thicknesses. After 
0.01 m, the reformer temperature starts decreasing and is equal to ~212 oC, ~207 oC, and ~202 
oC at the reformer exit for 𝛿𝑐𝑎𝑡 = 30, 40 and 50 𝜇m, respectively. 
 
Figure 4-8 Change of (a) the reformer temperature, (b) the reaction rate of the steam reforming 
reaction, (c) the methanol conversion and (d) the hydrogen production with variation of the catalyst 
layer thickness. 𝝓 = 𝟎. 𝟒, inlet methanol flow rate to the channel is equal to 0.0247 (mol/h).  
?̇?𝐬𝐨𝐮𝐫𝐜𝐞 = 𝟑𝟐𝟓𝟎𝟎𝐖 𝐦




The influence of variation of the catalyst thickness from 30 to 50 µm on the methanol 
conversion and the H2 production is negligible for the non-uniform heat flux case as illustrated in 
Figs. 4-8(c) and (d). The methanol conversion and H2 production are equal to ~90.5% and ~0.068 
mol/h, respectively for 𝛿𝑐𝑎𝑡 = 30, 40 and 50 𝜇m. Here, one of the most important results is that 
the increase in methanol conversion is ~5.3% between 0.1 m and the exit of the reformer. 
Moreover, the increase in methanol conversion is only ~1.4% between 0.16 m and the exit of the 
reformer.  From these results, it can be understood that there is an opportunity to decrease the 
reformer size or amount of the catalyst with more effective heat supply to achieve a certain amount 
of methanol conversion for the non-uniform heat flux case.  
The other important result is the hot spot formation for the non-uniform heat flux case. As 
demonstrates in Fig. 4-8(a), the temperature is higher than ~300 oC between ~0.007 and ~0.02 
m, and ~0.007 and ~0.015 m for 𝛿𝑐𝑎𝑡 = 30, and 40 µm, respectively, while it is higher than 300 
oC for 𝛿𝑐𝑎𝑡 = 50 µm between ~0.009 and ~0.012 m. The temperature should be less than 300 
oC 
for commercial Cu/ZnO catalysts because temperatures higher than 300 oC can cause catalyst 
deactivation [44]. 
The influence of the variation of the porosity from 0.5 to 0.8 on the methanol conversion 
for the non-uniform heat flux supply to the reformer is illustrated in Fig. 4-9. The conversion 
increases 4.8%, 5.6% and 6.3% with the change in porosity from 0.5 to 0.8 for 𝛿𝑐𝑎𝑡 = 30, 40 and 
50 𝜇m, respectively. As explained previously, the effectiveness factor is relatively low at the 
entrance of the reformer; specifically, for thicker catalyst layers. Therefore, the highest increase in 







Figure 4-9 Change of the methanol conversion with variation of the catalyst layer thickness and 
porosity.  Inlet methanol flow rate to the channel is equal to 0.0247 (mol/h).  ?̇?𝐬𝐨𝐮𝐫𝐜𝐞 =
𝟑𝟐𝟓𝟎𝟎𝐖 𝐦𝟐⁄ , 𝐚 = 𝟏𝟎𝟎, 𝐧 = 𝟏.  
4.4.4 Segmented Catalyst Layer Configuration 
As mentioned in section 4.4.3, the amount of catalyst can be decreased for case 3 by changing the 
design of the micro-channel reformer. Mundhwa et al.[251, 254] investigate the influence of 
segmented catalyst layer configurations on the performance of methane steam reforming in a 
catalytic plate reactor. Their results reveal that the high amount of methane conversion can be 
achieved with less catalyst. In this study, we also perform a calculation to understand the feasibility 
of segmented catalyst layer configuration to decrease the amount of catalyst. The segmented 
configuration can be seen in Fig. 4-10(a). The catalyst layer between 0.03 m and 0.08 m is 
removed, and the remaining area is coated with a 30 𝜇m catalyst layer. It can be seen from Fig. 4-
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8(c) and Fig. 4-10(b) that approximately identical methanol conversion is obtained with 25% less 
catalyst by using a segmented catalyst layer. The methanol conversion increased ~14% between 
0.1 m and the exit of the reformer for the segmented catalyst layer, while the conversion changed 
by only ~5.3% (Fig. 4-8(c)) for the continuous catalyst layer configuration in the same region of 
the reformer. It should be also noted that an increase in local temperature is still an issue for the 
segmented catalyst layer configuration as shown in Fig. 4-10(a). The temperature in the catalyst 
layer exceeded 300 oC between 0.0065 m and 0.019 m. 
 
 
Figure 4-10 (a) Change of the reformer temperature, and (b) the methanol conversion at different 
location of the reformer, for segmented catalyst layer configuration. 𝜹𝒄𝒂𝒕 = 𝟑𝟎 𝝁𝒎, 𝝓 = 𝟎. 𝟒, inlet 
methanol flow rate to the channel is equal to 0.0247 (mol/h). ?̇?𝒔𝒐𝒖𝒓𝒄𝒆 = 𝟑𝟐𝟓𝟎𝟎𝑾 𝒎
𝟐⁄ , 𝒂 =
𝟏𝟎𝟎, 𝐚𝐧𝐝 𝒏 = 𝟏. 
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4.4.5 Comparison of the 2D and 1D Catalyst Layer Models 
As mentioned in the introduction, the 1D catalyst layer domain has been already used by 
researchers for modelling the catalyst coated methanol reformer. In this section, our model which 
includes a 2D catalyst layer domain is compared with the model which includes 1D catalyst layer 
domain. The results are presented in Table 4-4. It should be noted that the constant in the non-
uniform flux equation is updated in this section to compare both models together. 
Table 4-4 Comparison of the model with 2D and 1D catalyst layer. 
Comparison of the models for uniform heat flux supply, ?̇? = 𝟏𝟓𝟎𝟎 𝐖/𝐦𝟐 

























Methanol Conversion (%) H2 Production (mol/h) 
30 81.76 82.63 1.06 0.0608 0.0615 1.15 
40 83.18 84.23 1.26 0.0618 0.0626 1.3 
50 84.21 85.43 1.45 0.0625 0.0635 1.6 
Comparison of the models for non-uniform heat flux supply, ?̇? = 𝟑𝟎𝟎𝟎𝟎 ∗ 𝐞𝐱𝐩 (−𝟏𝟎𝟎𝐱) 𝐖/𝐦𝟐 

























Methanol Conversion (%) H2 Production (mol/h) 
30 82.67 93.92 13.6 0.062 0.0706 13.87 
40 82.68 98.92 19.64 0.062 0.0742 19.67 
50 82.5 97 17.5 0.0615 0.0726 18.05 
 
As shown in the Table, there is no significant difference between the results which are 
obtained from the models for uniform heat flux supply, whereas the differences between the two 
models for non-uniform heat flux case are ~13.6%, ~19.6%, and ~18% for 𝛿𝑐𝑎𝑡 =30, 40 and 50 
𝜇m, respectively. Indeed, the internal mass transfer limitation and the effective properties such as 
effective thermal conductivity (see Eq. 4.25) are not considered for the model with 1D catalyst 
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layer domain. These two factors are specifically important at the entrance region of the reformer 
for non-uniform heat flux supply as explained in section 4.4.3. Therefore, there is a significant 
deviation between the results for non-uniform heat flux. It should be mentioned that the 
computational time is dramatically decreased by almost one fifth for the model with the 1D catalyst 
layer domain. Hence, this model may be only preferred for preliminary studies to examine the 
activity of different catalyst types and the effects of innovative methods on microchannel methanol 
reformers.  
4.5 Conclusions 
A 2D model is developed to study the effects of the catalyst layer thickness and porosity as well 
as the temperature distribution on the performance of a catalytic microchannel methanol steam 
reformer for the application of high-temperature PEM fuel cells. Consideration of the 2D catalyst 
layer domain and reaction kinetics make the model unique and comprehensive to conduct this 
study. The results reveal that the catalyst effectiveness factor is very close to unity for the catalyst 
layer thickness less than 50 µm. The catalyst effectiveness factor decreases for thicker catalyst 
layers. To improve the effectiveness factor, the catalyst porosity is increased; however, the 
methanol conversion changes slightly, even for the large changes in the porosity for the catalyst 
layer thickness less than 50 µm for the isothermal case study. On the other hand, the methanol 
conversion increases from ~90.5% to 97.5% for the catalyst layer thickness of 50 µm with the 
variation of the porosity from 0.4 to 0.8 for the non-uniform heat flux supply to the reformer. The 
results also show that temperature distribution in the microchannel reformer is one of the most 
influential factors in improving the performance of the reformer. In particular, effective heat 
supply strategies should be determined for the entrance region of the reformer because the reaction 
rate is very high at the entrance, and hot spot formation can occur at this region. In addition, it can 
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be seen from the results that the amount of catalyst can be decreased to achieve a certain amount 
of methanol conversion by using a segmented catalyst layer configuration. 
The results obtain from the model that included the 2D catalyst layer domain and the model 
that included the 1D catalyst layer domain are also compared. This comparison indicates that the 
catalyst layer domain must be considered 2D for the non-uniform heat flux case study. 
In future work, this model will be used to determine optimal designs for the microchannel 
methanol steam reformer. The model will be expanded to include combustion flow to supply heat 
for the endothermic methanol steam reforming process. In addition, segmented catalyst layer 
configuration will be used on both the combustion and reforming sides to increase the reformer 





Catalyst layer design and arrangement to improve the performance 
of a microchannel methanol steam reformer 
This chapter is reprinted in adopted form with permission from Journal of the Energy Conversion 
and Management:  
MS Herdem, M Mundhwa, S Farhad, and F. Hamdullahpur. Catalyst layer design and 
arrangement to improve the performance of a microchannel methanol steam reformer, Energy 
Conversion and Management, 2019, 180, 149-161. 
5.1 Introduction 
The most important issues related to widely used fuel cell power generation systems in the market 
are: (1) cost, (2) hydrogen distribution network and, (3) hydrogen storage [2, 267, 268]. Fuel cells 
have some unique features including: quiet operation, longer runtime to produce uninterruptible 
power and meet emergency power needs, reduction of CO2 emissions, zero harmful emissions, 
operation under different climate conditions, and a minimal maintenance requirement [2, 269, 
270]. Due to these features, customers are willing to accept the higher price of fuel cell technology 
as compared to the alternative technologies such as diesel generators and batteries for some niche 
markets. Some of the current and potential niche applications for fuel cell technology are: power 
generation for remote terminals in the oil and gas industry [2], telecommunications applications 
[269], forklifts [2], portable military power generators [5, 169], consumer battery rechargers [5], 
specialized laptop computers [5], aircraft applications [271], and marine applications [272]. 
Hydrogen distribution and storage are also important barriers for the niche applications mentioned 
 
117 
here. Alternative fuels can be converted to hydrogen rich gas by employing various technologies 
to overcome the challenges related to hydrogen distribution and storage [273].  
The reforming of various fuels such as methane [274], bio-ethanol [275], glycerine [276], diesel 
[184], propane [277] and methanol [48, 278] to produce hydrogen rich syngas has been widely 
investigated in the  literature. Although there are some drawbacks to the use of methanol such as 
its toxicity [35] and its availability and price [9] compared to other fuels and it is not suitable for 
central hydrogen production, a relatively lower process temperature and lower steam to carbon 
(S/C) ratio in steam reforming of methanol (SRM) are its great advantages [10, 18]. High 
reforming temperature and S/C ratio are generally not desired for power generation applications; 
in particular, they are serious issues for portable power generation applications as the size and 
complexity of the system increases with increasing reformer temperature and S/C ratio. The other 
benefits of reforming methanol can be summarized as: low sulfur content; good availability; easy 
storage and transport; production of methanol from biomass; and low CO content in the methanol 
reforming syngas [18, 48, 101, 270, 279]. Due to these advantages, methanol reformate gas fueled 
fuel cell systems are currently available in the market for a wide range of applications [280]. In 
addition, various aspects of methanol reforming; namely, the reforming reaction kinetics and 
catalysis [117, 137, 138, 148, 149], reforming reactors [153, 159, 281], and methanol reformate 
gas-fueled fuel cell systems [18, 113, 282] have received wide attention from various research 
groups.  
Steam reforming has the highest efficiency compared to the other reforming methods, and is a 
common method of producing hydrogen rich syngas from methanol. However, it is a highly 
endothermic process; therefore, an efficient heat supply is necessary. An efficient heat supply can 
be provided via microchannel reactors because of their high surface to volume ratio [14]. In 
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addition, due to enhanced heat transfer, a higher methanol conversion at relatively low 
temperatures can be obtained for wash-coated microchannel reformers [48]. The performance of a 
microchannel reformer design can be maximized by deploying catalyst directly at the internal 
surface of the wash-coat [158]. Due to the aforementioned advantages of microchannel methanol 
reformers, the attention of researchers and companies has been dramatically increasing over recent 
decades. 
The experimental studies, the numerical models and reaction equations of microchannel methanol 
reformers were reviewed in detail by Kolb in 2013 [44] and Holladay and Wang in 2015 [159]. 
The current studies related to microchannel methanol reformers were also summarized in our 
previous work in 2018 [6]. As shown in Refs. [6], [44], and [159], the early studies related to 
microchannel methanol reformers generally focused on low scale power generation. For example, 
the performance of microchannel methanol reformers was experimentally investigated for 
hydrogen production to feed a fuel cell for power generation in the range of 5-20 W in Refs. [103, 
104, 283-287]. In addition, Wang et al. experimentally investigated the effect of catalyst activity 
distribution on packed bed [288] and coating bed [289] plate type microchannel methanol steam 
reformers. Although their studies [288, 289] are useful in understanding the effect of catalyst 
activity distribution on methanol steam reforming, there are some missing points in their studies. 
Firstly, they did not use an integrated catalytic combustor with the reformer to provide heat to the 
endothermic SRM. For practical applications, the sudden temperature increase at the entrance 
region is a serious issue for heat exchanger plate type microchannel reformers [44]. Thus, it is 
important to understand how the temperature changes with variations in different parameters. 
Additionally, the catalyst distribution was compared using the same amount of the continuous 
catalyst layer in their study [289]. The feasibility of decreasing the amount of catalyst is also very 
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important in designing the new generation of microchannel methanol steam reformers. 
Furthermore, the change in methanol conversion across the reformer length with variation of the 
catalyst layer thickness and the catalyst layer arrangement should be understood as a guide to 
optimize the reformer size. 
The effects of various parameters such as the S/C ratio, reformer temperature, catalyst layer 
thickness, etc. were also numerically investigated for small-scale power generation applications 
by different research groups [235, 236, 239, 242, 244]. In all these earlier studies, many important 
catalyst parameters were ignored (e.g. catalyst layer's porosity, pore diameter, tortuosity, thermal 
conductivity, effective diffusivity, internal diffusion limitation) due to the developed models used 
a one-dimensional (1D) catalyst layer domain in the axial direction.  
The recent research activities working on methanol steam reforming have been focused on 
improving the SRM catalysts that are active at low temperatures, and stable at elevated 
temperatures. The importance of catalytic activity at low temperatures (around 200 oC) is that the 
methanol reformer can be integrated with HT-PEMFC (the integrated systems are called internal 
reforming methanol fuel cell (IRMFC) systems). Therefore, the overall system size and complexity 
can be decreased. Numerical and experimental studies have recently been published on the 
integration of microchannel methanol reformers and HT-PEMFC [127, 187, 264]. Although the 
activity of the catalyst and stability of the system were improved in some studies [127, 187, 264], 
there are still some serious issues related to IRMFC systems. One of the main problems is that the 
unconverted methanol in the syn-gas causes rapid performance degradation of the HT-PEMFC 
[10, 127]. To increase the methanol conversion, a low methanol flow rate is used for the current 
IRMFC system, and as a result, the power output from the HT-PEMFC is limited [10]. Another 
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important challenge regarding IRMFC is to develop a stable and cheap balance of plant component 
(BOP) materials such as gaskets and bipolar plates that can operate at elevated temperatures [10].  
Researchers have also recently focused on finding a methanol reforming catalyst which is stable 
at elevated temperatures, as temperatures above 300 oC cause sintering and deactivation of the Cu 
based catalysts [113, 137]. Therefore, Kolb and his co-workers investigated a novel Pt/In2O3/Al2O3 
catalyst for methanol steam reforming [137]. Their results revealed that the Pt/In2O3/Al2O3 catalyst 
was stable for 2000 h [113] above 300 oC, and had a 10 times higher activity than Cu-based 
catalysts [137]. The high activity of the Pt/In2O3/Al2O3 enables decreased system size and 
increased efficiency of the system [113]. However, the issue related to Pt/In2O3/Al2O3 is the high 
amount of Pt in the catalyst. The highest activity was obtained for a  Pt content of 15 wt.% [137].   
It is concluded from the reviewed literature that the methanol is a highly suitable fuel to produce 
hydrogen rich syngas for HT-PEMFC systems, and there is an opportunity to increase the system’s 
efficiency and decrease the system size for specific applications with recent advances in methanol 
steam reforming catalysts. However, some key questions should be answered in order to design a 
next generation of microchannel methanol steam reformers. As mentioned earlier, studies in the 
literature have considered only the 1D catalyst layer domain in their models, and so the catalyst 
layer`s structural properties are ignored. Therefore, in our most recently published paper  [6], we 
developed a numerical model that included a two-dimensional (2D) catalyst layer domain for a 
micro-channel methanol steam reformer to understand the effects of catalyst layer thickness and 
the catalyst layer properties including porosity, pore diameter, and tortuosity under various heat 
transfer scenarios. Our results [6] showed that the performance of a microchannel methanol 
reformer could be significantly increased in the case of decreasing large thermal gradients across 
the reformer length. The objective of this paper is to advance a mathematical model to study the 
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opportunities to improve the efficiency of a plate heat exchanger microchannel methanol steam 
reformer by using less catalyst to produce hydrogen for HT-PEMFC systems. The heat provided 
to the reformer section via methanol combustion and various segmented layer catalyst 
configurations is used to increase methanol conversion. The step-wise solution method is also 
implemented to prevent convergence issues in numerical calculations. In addition, the initial 
conditions and minimum size of the microchannel methanol reformer needed to achieve maximum 
power output from the HT-PEMFC are defined under specific restrictions involving the number 
of channels in the reforming and combustion sides, the minimum methanol conversion, and the 
power production range of the HT-PEMFC stack.  
5.2 Modeling Framework 
The proposed 2D steady-state model for a microchannel methanol steam reformer is described in 
this section. The computational domains that are used in this study can be seen in Figs. 5-1(a)-(d). 
The model includes five different domains: (1) the methanol combustion channel, (2) methanol 
combustion catalyst, (3) fecralloy plate, (4) methanol steam reforming catalyst and (5) methanol 
steam reforming channel. It should be noted that a 2D domain is used for the methanol steam 
reforming catalyst layer to incorporate the chemical reactions along the methanol reforming 
channel and the catalyst layer directions while a 1D domain is used for modeling the combustion 
catalyst layer. As shown in Figs. 5-1(a)-(d), four different catalyst configurations are investigated 
in this paper. These configurations are: (1) the continuous catalyst layer for both the reforming and 
the combustion side (Configuration-1), (2) the continuous catalyst layer for the reforming side, 
and the segmented catalyst layer for the combustion side (Configuration-2), (3) the segmented 
catalyst layer for both the reforming and the combustion side (Configuration-3), (4) the segmented 
catalyst layer for the combustion side, and the segmented catalyst layer with 1 inactive segment 
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for the reforming side (Configuration-4). Here, the inactive segment refers to the empty section 
and there is no catalyst in the inactive segment. The dimensions of these configurations are given 
in Table 5-1.  The physical properties, equations, assumptions, chemical reactions and solution 
schema are explained below. 
 
Figure 5-1 Two-dimensional view of the modeling domains of the microchannel methanol steam 
reformer. (a) Configuration 1: Continuous catalyst layer for both the reforming and the 
combustion side, (b) Configuration 2:Segmented layer for the combustion catalyst, and continuous 
layer for the reforming catalyst, (c) Configuration 3:Segmented layer for both the reforming and 
the combustion catalysts. (d) Configuration 4: Segmented layer for the combustion side, and the 
segmented layer with 1 inactive segment for the reforming catalyst. 
 
5.2.1 Physical properties and input parameters 
The viscosities, thermal conductivities, specific heats and diffusivities of the individual 
components and the gas mixtures are computed as a function of temperature. The individual 
components, CH3OH, H2O, H2, CO2, and CO, are considered in order to estimate the physical 
properties of the gas mixture on the reforming side while CH3OH, O2, N2, CO2, and H2O are used 
for the combustion side. The density of the gas mixture is calculated using the ideal gas equation 
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for the reforming side and the combustion side. The diffusive mass flux is estimated by employing 
the Maxwell-Stefan model. The effective diffusivities of the chemical species inside the porous 
catalyst layer on the reforming side are found by considering the Knudsen and binary diffusion 
coefficients, and the porosity and the tortuosity of the catalyst layer [250, 251, 254]. The tortuosity 
is estimated using the Bruggeman equation [249], and the Knudsen diffusion is calculated as a 
function of the mean pore size of the catalyst. The mean pore size is found by employing Kozeny`s 
equation [248] as a function of the porosity and the mean particle size. The equations and the 
constants used to calculate the physical properties can be found in detail in our previous study [6]. 
It should be noted that the effective diffusivity is not implemented on the combustion side because 
a 1D catalyst layer [290] is used to model the combustion side. This approach is preferred 
considering our main objective in this work is to compare the effects of the catalyst layer thickness 
on the reforming side with various catalyst layer configurations for the same inlet conditions 
without any convergence issue. In addition, the viscosity and the thermal conductivity of the gas 
mixture on the combustion side are taken as constant values to prevent convergence problems. 
These values are estimated using Aspen Plus v8.8 [83] and can be seen in Table 5-1. As shown in 
Fig.5-1, a fecralloy plate is used between the combustion side and the reforming side. The physical 
properties of the fecralloy plate can also be seen in Table 5-1.  
The input parameters and the dimensions of the domains that are shown in Figs.5-1 (a)-(d) 
for the modeling and the simulation of the microchannel methanol steam reformer are listed in 
detail in Table 5-1. The parameters used in this study are not based on arbitrary decisions. To 
choose these parameters, our previous studies [6, 18] are considered. For example, the S/C ratio 
was chosen as 1.5 to prevent coke formation [107]. The higher values are not chosen because the 
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heat integration of the methanol reformate gas fueled HT-PEMFC power generation system [18] 
is considered.  
Table 5-1 The input and geometric parameters of the computational domains for the modeling. 
Reforming Side 
Inlet molar flow rate of methanol, [mol/h] 0.0247 
SC ratio, [-] 1.5 
Inlet molar flow rate of steam, [mol/h] SC*FCH3OHr,in 
Inlet temperature of the methanol & steam mixture, [oC] 150 
Pressure, [Pa] 101325 
Length, [m] 0.1 
Height, [m] 700*10-6 
Width, [m] 700*10-6 
Catalyst layer thickness, [µm] 30, 35, 40, 45, 50 
Catalyst porosity, [-] 0.4 
Catalyst tortuosity, [-] Porosity^(-0.5) 
Catalyst permeability, [m2] 1e-16 
Mean particle size of the catalyst, [nm] 36 
Catalyst density, [kg/m3] 1300 
 Conf.-1 Conf.-2 Conf.-3 Conf.-4 
Length of inactive catalyst segment ,[mm] n/a n/a 1 20 
Number of inactive catalyst segment, [-] n/a n/a 33 1 
Combustion Side 
Inlet molar flow rate of methanol, [mol/h] 0.013 
Inlet molar flow rate of oxygen, [mol/h] 1.626*FCH3OHc,in 
Inlet molar flow rate of nitrogen, [mol/h] (79/21)*FO2c,in 
Inlet temperature of the input flow rate, [oC] 150 
Pressure, [Pa] 101325 
Length, [m] 0.1 
Height, [m] 500*10-6 
Width, [m] 700*10-6 
Catalyst layer thickness, [µm] 16 
Catalyst density, [kg/m3] 2366.7 
Thermal conductivity of the gas mixture, [W/(m.K)] 0.037 
Viscosity of the gas mixture, [Pa.s] 2.43e-5 
 Conf.-1 Conf.-2 Conf.-3 Conf.-4 
Length of inactive catalyst segment ,[mm] n/a 2 2 2 
Number of inactive catalyst segment, [-] n/a 34 34 34 
Fecralloy Plate 
Length, [m] 0.1 
Width, [m] 700*10-6 
Thickness, [m] 1.27e-4 
Thermal conductivity, [W/(m.K)] (Ref. [52]) 16.1 
Density, [kg/m3] (Ref. [52]) 7250 




In addition, the dimensions of the reformer and the input methanol flow rate to the reforming side 
are selected while considering power generation in the range of 100 to 500 W from the HT-PEMFC 
system [18]. The optimum inlet temperature of the reactants is found based on our previous study 
[6]. Furthermore, it should be noted that the dimensions of the segmented catalyst layers are 
defined after parametric studies.  
The physical properties and the input parameters presented in this section are used in the 
equations that can be found in our study [6]. The major differences in the models between this 
work and our previous work [6] are the combustion side and fecralloy plate. The same equations 
and the boundary conditions in Ref. [6] that are used for modeling the reforming channel are 
adapted to model the combustion side. However, the source term is added into the mass transfer 
equation to account for the rate of production or consumption for the combustion side. The source 
term is equal to zero for the internal domain of the combustion side, and it is calculated on the 
catalytic surface of the combustion side as: 
                                                                      𝑆𝑖,𝑐 = 𝛿𝑐𝑎𝑡,𝑐 × 𝑅𝑖,𝑐                                                        (5.1) 
where i refers to the components (CH3OH, O2, N2, CO2, and H2O) inside the combustion side, 
𝛿𝑐𝑎𝑡,𝑐 is the combustion catalyst layer thickness in m, and 𝑅𝑖,𝑐  is the reaction rate of the component 
i in kg/(m3.s). It should be explained that the source term is not used for the internal domain of the 
combustion side because the homogeneous reactions in the gas phase are negligible. It was shown 
that the homogenous reactions must be considered at high temperatures for catalytic combustion 
of hydrocarbons such as methane [291] and propane [292]. However, the homogeneous reactions 
can be neglected at low temperatures [293]. Therefore, the influence of the homogeneous reactions 
in the gas phase was not considered in this work. The reaction rate expressions for methanol 
combustion and steam reforming are explained in the next section. 
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The steady-state heat conduction equation (Eq. 2) is also added into our previous model  
[38] to obtain temperature distribution in a solid fecralloy plate: 






= 0                                                             (5.2) 
In addition, the thermal insulation boundary condition is used at the boundaries x=0, HR/2 +
δcat,R ≤ y ≤ HR/2 + δcat,R + HFecralloy, and x=0.1 m, HR/2 + δcat,R ≤ y ≤ HR/2 + δcat,R +
HFecralloy for the solution of Eq. 5.2.  
5.2.2 Reaction Kinetics 
The rate expressions based on the power rate law and the surface reaction mechanisms have been 
used in the open literature to model methanol reformers. Various power rate laws have been 
suggested by researchers [120, 140, 143, 246]. The main advantage of simple power rate law 
expressions is that they are easy to implement into the model to understand the effects of different 
parameters on methanol reforming. Therefore, the power rate law expressions have been 
commonly used in many studies [294-297] for the modeling of microchannel methanol reformers. 
However, there are some limitations related to power rate law expressions. Therefore, we selected 
Peppley et al.`s [138, 149] kinetic rate expressions based on elementary surface reaction 
mechanisms to model the reforming side of the microchannel reformer. The three overall reactions: 
methanol steam reforming (R.5.1), methanol decomposition (R.5.2), and the water-gas shift 
(R.5.3), are used to develop rate expressions for methanol steam reforming on Cu/ZnO/Al2O3 
catalyst by Peppley et al. [138]. The reactions are listed as: 
CH3OH + H2O ↔ CO2 + 3H2 (R.5.1) 
CH3OH ↔ CO + 2H2 (R.5.2) 
CO + H2O ↔ CO2 + H2 (R.5.3) 
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The reaction rate (mol kgcat
−1  s−1) of the reactions given above are shown in Eqs. 5.3-5.5. 
We re-organize the reaction rate expressions in [138] using mathematical simplification for this 
work to prevent zero division errors in the model.  
𝑟𝑆𝑅 =
𝑘𝑅𝐾𝐶𝐻3𝑂(1)









∗ 𝑃𝐶𝐻3𝑂𝐻 + 𝐾𝐻𝐶𝑂𝑂(1)
∗ 𝑃𝐶𝑂2𝑃𝐻2 + 𝐾𝑂𝐻(1)

















∗ 𝑃𝐶𝐻3𝑂𝐻 + 𝐾𝑂𝐻(2)
















∗ 𝑃𝐶𝐻3𝑂𝐻 + 𝐾𝐻𝐶𝑂𝑂(1)





The kinetic parameters that are used in Eqs. 5.3-5.5 can be found in detail in our previous 
study [6]. The rate of consumption or formation of the species for the reforming side in kg m-3 s-1 
are listed as: 
𝑅𝐶𝐻3𝑂𝐻,𝑅 = 𝜌𝑐𝑎𝑡,𝑅(−𝑟𝑆𝑅 − 𝑟𝑀𝐷)𝑀𝐶𝐻3𝑂𝐻 (5.6) 
𝑅𝐻2𝑂,𝑅 = 𝜌𝑐𝑎𝑡,𝑅(−𝑟𝑆𝑅 − 𝑟𝑊𝐺𝑆)𝑀𝐻2𝑂 (5.7) 
𝑅𝐻2,𝑅 = 𝜌𝑐𝑎𝑡,𝑅(3𝑟𝑆𝑅 + 2𝑟𝑀𝐷 + 𝑟𝑊𝐺𝑆)𝑀𝐻2 (5.8) 
𝑅𝐶𝑂2,𝑅 = 𝜌𝑐𝑎𝑡,𝑅(𝑟𝑆𝑅 + 𝑟𝑊𝐺𝑆)𝑀𝐶𝑂2 (5.9) 
𝑅𝐶𝑂,𝑅 = 𝜌𝑐𝑎𝑡,𝑅(𝑟𝑀𝐷 − 𝑟𝑊𝐺𝑆)𝑀𝐶𝑂 (5.10) 
The global reaction of the methanol combustion can be seen in R.5.4. The experimental 
studies related to methanol combustion on Pt/Al2O3 catalyst show that most of the catalytic 
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combustion takes place in the region near the entrance, and the activation energy and the reaction 
order depend on the degree of methanol conversion [298, 299]. While considering these realities, 
the power rate law (Eq. 5.11) suggested by Pasel et al. [298] is incorporated into the model to 
calculate the reaction rate of methanol combustion over the Pt/Al2O3 catalyst. The pre-exponential 
factor is taken from [300] and the reaction order and the activation energy are obtained from [301].  
CH3OH + 1.5O2 ↔ 2H2O + CO2 (R.5.4) 
  







5.2.3 Computation schema 
The partial differential equations for the modeling of the microchannel methanol steam reformer 
are solved using the finite element method (FEM) with the simulation software package COMSOL 
Multiphysics 5.3. The main assumptions used in the modeling are as follows: 
• The microchannel reformer operates at steady state 
• Ideal gas law behavior for flowing gases 
• The flow in both half-channels is considered as fully developed laminar flow 
• There is no reaction in the homogeneous phase; the reactions only take place in the catalyst 
layers 
• No internal mass transfer limitation in the combustion catalyst layer 
• Body forces are neglected 
• No heat transfer by radiation 
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The main challenge to obtain solutions is the presence of convergence problems; in particular, 
for high methanol conversion (greater than 70%) and the entrance of the reformer. To solve these 
convergence problems, some physical properties for the combustion side are estimated using 
Aspen Plus v8.8, and the reforming rate expressions are simplified as mentioned in the previous 
sections. In addition, we update our solution method that was used in our other study [6]. Firstly, 
the solutions are obtained for only flow on both sides. Then, the solutions are obtained for flow 
and chemical reactions. In this step, the microchannel reformer is isothermal, and the solutions 
obtained in the first step are used as initial values in the second step. As a third step, the solutions 
are updated for flow, chemical reactions, and heat transfer. In the third step, the heat sink and the 
heat source were multiplied by 0.001, and the initial values are taken from the second step. Lastly, 
the values of the heat sink and the source are increased using a multiplication factor that changed 
from 0.001 to 1 to obtain the final solutions. The mapped mesh is used to discretize the  continuous 
catalyst layer configurations for numerical solution. The main advantage of this mesh is to decrease 
computation time. However, the mapped mesh is not applicable for the segmented catalyst layer 
configurations because of the complex geometry. Therefore, the physically controlled mesh is used 
to discretize  the segmented catalyst layer configurations. The mesh independency with a 
convergence criteria of 10-5 is obtained for a “Finer” element size in COMSOL software. The 
number of mesh elements varies from 56,100 to 345,460 depending on the geometry of the 
computational domain. 
The results are firstly obtained for the continuous catalyst layer configuration. Then, the 
results of the continuous catalyst layer configuration are used as initial values to solve the model 
for the segmented catalyst layer configurations. After obtaining the results for all configurations, 
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the numerical integration is used to calculate the methanol conversion, hydrogen production rate, 
and heat flux for the reforming side and the combustion side. 
5.3 Model Validation 
The model was verified in the previous study [6] by comparing the results with the experimental 
data in Ref. [247] for methanol conversion and reformer temperature. Very good agreement was 
obtained for these values. For this work, the H2 production rate in the syngas is also compared with 
the experimental data in [247].  As shown in Fig. 5-2(a), there is an excellent agreement between 
the results obtained by the model and the experiment in [247]. The maximum deviation between 
the results are found to be approximately +6%. Although the constant heat flux was used in Ref. 
[247] to provide heat to the reforming side, the comparison was intended to verify the results that 
were obtained in the reforming side under certain operating conditions. It should be also noted that 
there is no explanation regarding the experimental errors in Ref. [247]. Therefore, the H2 
production rate calculated by the model is also compared to the H2 production rate at the 
equilibrium condition of the methanol steam reforming process. We show in another study [18] 
that a H2 production rate for the methanol conversion greater than ~99% is very close to the H2 
production rate at the equilibrium condition. It can be seen from Fig. 5-2(b) that the maximum 




Figure 5-2 Comparison of the H2 production obtained by the model with (a) the results obtained 
from the experiment [247]. S/C=1.1, the inlet temperature of the methanol-water mixture is equal to 
150 oC. The constant heat flux that is equal to 1000 W/m2 is used to provide heat for the 
endothermic methanol steam reforming. (b) the results obtained for the equilibrium condition. 
S/C=1.5, and the reformer temperature is isothermal. 
5.4 Results and Discussion 
5.4.1 Base Case Modeling 
The input parameters used for the base case simulation can be seen in Table 5-1. The catalyst layer 
thickness of the reforming side is equal to 30 µm for the base case. The results are obtained to  
understand temperature distribution change, the heat flux for combustion and reforming, the 
methanol conversion, and the hydrogen production rate with variation of the catalyst layer 
configuration. Different flow arrangements such as cross-flow, counter-flow and co-current flow 
can be used for coupling endothermic and exothermic reactions. These flow arrangements have 
been investigated in detail, and it was shown that the co-current arrangement is the best option for 
coupling endothermic and exothermic reactions [44]. Therefore, only the co-current flow 
arrangement is chosen in the present work. 
In this study, four different catalyst layer configurations are used as explained in section 2. 
In the figures and text, these configurations refer to Configuration-1, Configuration-2, 
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Configuration-3, and Configuration-4. The dimensions of the segmented catalyst layer 
configurations are chosen to obtain the best possible performance by comparing various sizes of 
the segmented layers for both reforming and combustion catalysts. However, the size of segmented 
catalyst layers would be further optimized for future work to maximize the performance of the 
microchannel methanol reformer. 
Temperature changes of the microchannel reformer with various catalyst layer 
configurations are illustrated in Figs. 5-3(a)-(e). It should be noted that the segmented catalyst 
layers on the combustion side are invisible in Figs. 5-3(b)-(d) because a 1D catalyst layer domain 
is used for the modelling of the combustion catalyst as explained in section 5.2. The segmented 
configurations of the combustion side can be seen in detail in Fig. 5-1. Figs. 5-3(a)-(d) show 2D 
temperature distribution of the microchannel reformer while Fig. 5-3(e) shows change of the 
average temperature of the reformer side as a function of the axial length. The focus of this study 
is to understand the effects of various catalyst layer configurations on methanol conversion and 
hydrogen production rate. Therefore, only the average temperature of the reforming side across 
the reformer length is illustrated in Fig. 5-3(e). As shown in Figs. 5-3(a) and (e), the temperature 
suddenly increases from 150 oC to 200 oC between the reformer`s inlet and x=0.0028 m for 
configuration-1. On the other hand, the temperature is found to be ~170 oC at x=0.0028 m and the 
temperature reaches ~200 oC at x=0.0049 m for the other configurations. The maximum 
temperature of ~306 oC for configuration-1 is obtained at x=0.01 m. It is worth mentioning that 
the maximum temperature should be less than 300 oC for Cu-based catalysts because temperatures 
greater than 300 oC cause serious degradation of the catalyst [158]. The temperature starts 
decreasing at x=0.01 m for configuration-1. The temperature is equal to 256 oC at x=0.04 m and 





Figure 5-3 Change of the temperature of the microchannel reformer with different catalyst layer 
configurations : (a) Configuration-1, (b) Configuration-2, (c) Configuration-3, (d) Configuration-4. 
(e) Change of the average temperature of the microchannel reformer across the reformer length. 
 
The maximum temperature of ~303 oC is estimated at x=0.0186 m for configuration-2 
while the maximum temperature is equal to ~314 oC at x=0.016 m for configuration-3. As 
illustrated in Fig. 5-3(e), the temperature for configuration-1 is found to be higher than the 
temperature that was calculated for configurations-2 and 3 up to x=0.0148 m and x=0.0125 m, 
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respectively. After these points, the higher temperature is obtained for configurations-2 and 3. The 
temperature difference between configuration-2 and configuration-1 is approximately 12 oC from 
x=0.018 m to the exit of the reformer while it is ~19 oC for configuration-3 from 0.016 m to the 
exit of the reformer. The temperature at the exit of the reformer is equal to ~240 oC and ~247 oC 
for configurations-2 and 3, respectively.  
It can be seen from Figs. 5-3(d) and (e), the temperature change trend for configuration-4 
is different than the other configurations. The temperature firstly increases from 150 oC to ~303 
oC between the reformer`s inlet and x=0.018 m. Then, it drops slightly up to a distance of x=~0.027 
m and  reaches its maximum value of ~331 oC at x=~0.045 m. The temperature starts decreasing 
at x=0.045 m and it is equal to ~242 oC at the reformer`s exit. 
To understand the reasons for the variation of the temperature distribution of the reforming 
side with various catalyst layer configurations, the heat absorption of the reforming side and the 
heat production of the combustion side should be explained. Figs. 5-4(a) and (d) show the heat 
flux values for the reforming and the combustion sides. The absolute values of the heat flux for 
the reforming side is used in the figures. It can be shown from Fig. 5-4(a) that the heat flux value 
of the combustion side quickly increases at the inlet for configuration-1 due to a high combustion 
reaction rate in this  region. The heat flux of the combustion side is equal to ~36.5 kW m-2 at 
x=0.028 m for configuration-1. The heat flux reaches its peak value of ~38 kW m-2 at x=0.0035 m, 
then it sharply decreases to 2 kW m-2 at x=0.018 m as seen in Fig. 5-4(a). The same situation is 
also valid for the heat flux of the reforming side. However, the heat flux values of the combustion 
side is estimated as ~50 kW m-2 at x=0.018 m for other configurations as illustrated in Figs. 5-4(b)-
(d). In addition, it can also be seen from Figs. 5-4(a)-(d), the heat production in the combustion 
catalyst for configuration-1 is found to be lower than the other configurations across the reformer 
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length. As a result, the temperature for configuration-1 at the reformer`s exit is lower than the other 
configurations.  
 
Figure 5-4 Change of the heat flux for the combustion and the reforming side with the variation of 
the catalyst layer configuration. 
 
The maximum heat production in the combustion catalyst is ~90 kW m-2 at x=0.09 m for 
configurations-2 and 4 (Figs. 5-4(b) and (d)) while it is found to be ~104 kW m-2 at x=0.09 m for 
configuration-3 (Fig. 5-4(c)). The same maximum heat flux is obtained for configurations-2 and 4 
because the continuous catalyst layer for the reforming side is used between the reformer`s inlet 
and x=0.03 m for both configurations. However, the maximum heat flux of the combustion side 
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for configuration-3 is estimated to be higher than configuration-2 and 4 because the segmented 
catalyst layer for the reforming side is used across the axial direction. In inactive segments of the 
reforming side, the heat absorption in the reforming catalyst is equal to zero; thus, higher maximum 
heat flux is obtained for configuration-3. 
When the temperature (Figs. 5-3(a)-(e)) and the heat flux values (Figs. 5-4(a)-(d)) are 
evaluated and compared, it can be concluded that the temperature drops across the reformer length 
are lower for the segmented catalyst layer configurations. This significantly affects the 
performance of the microchannel reformer in terms of methanol conversion and hydrogen 
production rates. Figs. 5-5(a) and (b) show the change in the methanol conversion and the 
hydrogen production rate using different catalyst coating configurations. As shown, the methanol 
conversion at the reformer`s exit is found to be 60% for configuration-1 while it is ~75% for the 
other configurations. The highest methanol conversion is found to be 77.5% for configuration-4. 
In addition, the hydrogen production rate is estimated to be 0.045 mol/h for configuration-1 while 
it increases to 0.057 mol/h for configuration-4 as shown in Fig. 5-5(b). As shown in Fig. 5-5(b), 
almost the same hydrogen production rate is obtained for configuration-2 and configuration-4. At 
this point, it is worth mentioning that there is no significant effect of catalyst layer configuration 
changes on the value of local Reynolds number (Re). The maximum local Re number obtained is 
less than 100 on the reforming and the combustion side for all the configurations studied. 
It can be understood from the overall result that the best performance is obtained for 
configuration-4. However, the temperature of the reformer is significantly increased between 
x=~0.03 m and x=~0.045 m for configuration-4. This can cause deactivation of the Cu based 






Figure 5-5 (a) Change of the methanol conversion across the reformer length with variation of the 
catalyst configurations. (b) Total hydrogen production rate (mol/h) with variation of the catalyst 
layer configuration. 
5.4.2 Reforming Catalyst Thickness 
Figs. 5-6(a)-(d) show temperature changes with variations in reforming catalyst layer thickness 
and configurations. As expected, similar trends are obtained for temperature changes with 
variation in the catalyst layer thickness. However, as demonstrated by Figs. 5-6(a)-(d), lower 
temperature is found when reforming catalyst thickness is increased. The temperature is calculated 
as ~225 oC, ~237 oC, ~244 oC, and ~238 oC at the reformer`s exit and for 35 µm reforming catalyst 
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thickness for configurations-1, 2, 3 and 4, respectively. On the other hand, the temperature at the 
reformer`s exit drops by ~2 oC with a 5 µm increase in the thickness of the reforming catalyst.  
 
Figure 5-6 Change of the temperature across the reformer length with variation of the catalyst 
layer thickness and the configuration. 
 
Change in the methanol conversion across the reformer length with variation in the catalyst 
thickness and configurations are also illustrated in Figs. 5-7(a)-(d). The maximum methanol 
conversion at the reformer exit is ~80.5% for 50 µm reforming catalyst thickness and 
configuration-4 (Figs. 5-7(d)). The methanol conversion rises slightly with an increase in the 
catalyst layer thickness. However, subsequent increases in the conversion are reduced with greater 
catalyst layer thickness. For example, the methanol conversion increased by ~1.05% for 
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configuration-4 with variation of the catalyst thickness from 35 µm to 40 µm; however, it increases 
by only ~0.7% with variation of the catalyst thickness from 45 µm to 50 µm.  
 
Figure 5-7 Change of the methanol conversion across the reformer length with variation of the 
catalyst layer thickness and the configuration. 
 
In our previous study [6], we showed that methanol conversion significantly increased with 
greater catalyst layer thickness for the isothermal situation. For the non-isothermal situation, 
increases in methanol conversion drops with greater catalyst layer thickness because of the 
temperature drop across the reformer length. Therefore, more efficient heat may be provided to 
the reformer side by using different methods for greater catalyst layer thickness in order to utilize 
the catalyst more efficiently. 
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In addition, the cost of the microchannel reformer could also be considered for future 
studies to help determine optimal catalyst configurations. Indeed, it is possible to change the 
thickness of the catalyst across the reformer length [9] using various current catalyst coating 
methods [302, 303]. However, the cost may be a major drawback to using different catalyst layer 
configurations for microchannel reformers. Moreover, in this study, the effect of the internal mass 
transfer limitation in the combustion catalyst layer is not explored because this effect may not be 
significant once the thickness of the combustion catalyst layer is small [6] or the porosity of this 
layer is large [6, 255]. A decrease in the catalyst layer thickness is possible using various coating 
methods [302, 303]. The catalyst porous structure can also be changed with different coating 
methods [304, 305]. An increase of the thickness of this layer may mainly affect the increase of 
the methanol conversion with the segmented catalyst layer configurations. This study could be 
extended by considering the effects of the catalyst layers in the combustion side; however, this is 
beyond the scope of this paper. 
5.4.3 HT-PEMFC power generation 
Methanol reformate gas is very suitable to feed HT-PEMFCs because these fuel cells can tolerate 
CO up to 3% [306, 307], and they can operate at a temperature range of 120-200 oC [308]. 
Therefore, additional components are not needed to decrease the amount of CO in the reformate 
gas for methanol reformate-gas fueled HT-PEMFC systems. In addition, the size and number of 
heat exchangers can be decreased because the reformation temperature of the methanol and the 
HT-PEMFC are very similar. However, the methanol conversion must be greater than 90% to 
prevent serious degradation of the HT-PEMFC [10]. Therefore, the inlet methanol flow rate and 
other inlet parameters must be chosen to achieve at least 90% methanol conversion. 
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In this section, the power output from the HT-PEMFC stack that used methanol reformate-
gas is estimated. Configuration-2 and a 50 µm reforming catalyst thickness are chosen for 
microchannel methanol steam reforming because the best performance is obtained using these 
parameters. The other parameters and the dimensions for modeling the microchannel reformer are 
taken from Table 5-1. The input parameters for the fuel cell stack are listed in Table 5-2. The semi-
empirical equations developed by Korsgaard et al. [211, 212] are used to estimate the power output 
of the HT-PEMFC stack.  
Table 5-2 Methanol reformate-gas fueled HT-PEMFC power generation. 
Input parameters and the restrictions for modeling Unit Value 
Number of the cells in the fuel cell stack [-] 25 
Active area of the fuel cell cm2 45 
Fuel cell operation temperature oC 160 
Hydrogen utilization ratio [-] 0.8 
Number of the channels in the reforming side [-] 100 
Number of the channels in the combustion side [-] 100 
Minimum methanol conversion requirement [%] 90 
Power output range [W] 100<PFC<500 
The reforming catalyst thickness*1 [µm] 50 
Output   
Inlet methanol flow rate to the reforming side per channel [mol/h] 0.0198 
Methanol conversion [%] 99 
Reforming gas composition (vol.%)   
H2 [%] 66.4 
H2O [%] 11.1 
CO2 [%] 21 
CO [%] 0.51 
Power generation from the fuel cell stack [W] 227.5 
Explanation 
*1 The other parameters for modeling of the microchannel reformer are listed in Table 1. 
The configuration-2 was used for the catalyst configuration of the microchannel reformer. 
 
The composition of the reformate gas that is fed to the HT-PEMFC stack can be seen in 
Table 5-2. The inlet methanol flow rate to the reforming side per channel is equal to ~0.0198 mol/h. 
This value is found to produce maximum power in the range of 100 to 500 W by using 100 channels 
in the reforming side and 100 channels in the combustion side. The methanol conversion and the 
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H2 production rate per channel are calculated as ~98.8% and ~0.059 mol/h, respectively, for 
~0.0198 mol/h inlet methanol flow rate to the channel. For these conditions, it is possible to 
produce ~227 W power from the HT-PEMFC stack by using 100 channels in the reforming side. 
5.5 Conclusions 
The effects of continuous and segmented catalyst layer configurations in combustion and 
reforming channels of a methanol steam reformer on the temperature distribution, the methanol 
conversion, and the hydrogen production rate are studied. The effective heat is provided by the 
segmented catalyst layer configurations; thus, the performance of the microchannel methanol 
steam reformer is significantly improved. The results show that the methanol conversion is ~60% 
for the continuous catalyst layer configurations, while the conversion increases to ~75% with the 
segmented catalyst layer configurations. An increase in methanol conversion is not only an 
advantage of the segmented catalyst layer configuration, but it also provides the advantage of a 
decreased amount of catalyst in the combustion side and the reforming side of the reformer. For 
the segmented catalyst layer configuration (configurations-2, 3, 4), the amount of the combustion 
catalyst is decreased 68% while the amount of the reforming catalyst is decreased 33% and 20% 
for configurations-3 and 4, respectively.  
The results also show that there is no significant increase in methanol conversion when 
increasing the catalyst layer thickness from 30 µm to 50 µm; however, the higher catalyst layer 
thickness can be used to prevent hot spot formation. The maximum methanol conversion per 
channel is found to be ~99% for configuration-2 with 50 µm reforming catalyst layer thickness 
and ~0.0198 mol/h inlet methanol flow rate per microchannel. For this case, enough hydrogen can  
be produced using 100 microchannels in the reforming side to produce ~227 W power using a HT-PEMFC 




Conclusions and Future Work 
6.1 Summary and Conclusions 
In this thesis, two 2D steady state multiphysics CFD models have been developed for the modeling 
of a microchannel plate heat exchanger methanol steam reformer. To decide the inlet parameters 
for the modeling, first the power range for the promising market applications of the FC power 
generation systems was critically evaluated. Then, a methanol reformate gas fueled HT-PEMFC 
system was simulated using Aspen Plus with Fortran calculator. Some inlet parameters such as 
S/C ratio, and inlet flow rate of methanol etc. were defined in the system level study for the models 
presented in Chapters 4 and 5.  The first model developed in this thesis (Chapter-4) was used to 
investigate the effects of catalyst layer structural characteristics, such as thickness, and porosity, 
on the performance and temperature distribution in a microchannel plate heat exchanger methanol 
steam reformer under isothermal and nonisothermal situations. The isothermal situation in this 
study was used as an ideal case to clearly show the effects of temperature distribution across the 
axial reformer length on the methanol conversion and hydrogen production rate. In the model, heat 
was provided for endothermic steam reforming reactions using variable and non-variable heat flux 
for the nonisothermal situation.  
 The results obtained in the first model showed that methanol conversion significantly 
increases with a rise in the methanol reforming catalyst layer thickness for the isothermal situation. 
However, the increase in methanol conversion changes slightly with a rise in catalyst layer 
thickness for the nonisothermal situation because of a temperature drop across the reformer length 
for higher catalyst layer thickness. The results also showed that the catalyst effectiveness factor at 
the entrance region of the microchannel methanol reformer should be specifically considered when 
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the catalyst layer thickness is higher than 50 µm and the catalyst porosity is equal to or less than 
0.4.  
For the second model of the microchannel methanol steam reformer that was developed in 
this work, the first model was expanded for the modeling of segmented catalyst layer 
configurations to balance the generated heat in the combustion side and the consumed heat in the 
reforming side in a microchannel plate heat exchanger methanol steam reformer. The main goals 
of balancing the heat generated and consumed within a microchannel methanol reformer are to: 
(1) decrease the amount of catalyst in the reforming and combustion sides; (2) increase the 
methanol conversion and hydrogen production rates; (3) prevent the sudden temperature increase 
at the entrance of the reformer side; and (4) decrease the temperature gradients across the axial 
reformer length.   
 A solution method was implemented in the second model for modeling of the segmented 
catalyst layer configurations. Solutions were firstly obtained for continuous catalyst layer 
configuration, then the obtained solutions were used as initial values for the isothermal solution of 
the segmented catalyst layer configurations. Then, a step-wise method was applied to obtain initial 
values for the nonisothermal solutions of the segmented catalyst layer configurations. In a step-
wise solution method, a multiplication factor that changed from 0.01 to 1 was used for the 
generated heat in the combustion side and the consumed heat in the reforming side, and the initial 
values changed with variation of the multiplication factor. The final solutions were obtained when 
the multiplication factor was equal to 1. In addition, some mathematical simplifications were used 
for the rate expressions of the methanol reforming reactions. Furthermore, a few physical 
properties for the combustion side were estimated using Aspen Plus, and the constant values for 
these physical properties were used.  
 
145 
 The second model showed that methanol conversion can be increased by using less catalyst 
for the segmented catalyst layer configurations. In addition, the results showed that the catalyst 
layer thickness in the reforming side should be optimized to prevent hot spot formation and 
decrease the axial temperature gradients. The optimal catalyst layer thickness for the reforming 
side was found to be 50 µm for Cu/ZnO/Al2O3 catalyst.  
 In summary, there is no significant effect of catalyst layer thickness on methanol 
conversion in the case of lower porosity and the nonisothermal situation. However, thicker catalyst 
layer can be useful to prevent hot spot formation. The segmented catalyst layer configurations can 
be used to increase methanol conversion and decrease axial temperature gradients. In particular, 
the segmented catalyst layer configurations can be useful for methanol reformate gas fueled HT-
PEMFCs because high methanol conversion (higher than 90%) is very important to prevent 
degradation of the HT-PEMFCs. The higher conversion can be obtained using segmented catalyst 
layer configurations for the microchannel plate exchanger methanol reformer without increasing 
the size of the reformer. Overall, the model and the proposed solution method in this study can be 
used to improve the performance of commercial microchannel methanol reformers in this thesis. 
6.2 Proposed Future Work 
The findings in this thesis are useful in answering key questions for next generation 
microchannel methanol steam reformers. However, some points should be considered for future 
research.  
The first point is that Cu/ZnO/Al2O3 catalyst was selected for the methanol steam 
reforming in this thesis because well-defined rate expressions of methanol steam reforming 
reactions over the Cu/ZnO/Al2O3 catalyst are available in the literature. On the other hand, novel 
catalysts for methanol reforming can be selected for modeling the microchannel plate heat 
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exchanger methanol reformers. Catalysts that are stable at high temperatures (over 300oC) such as 
Pt/In2O3/Al2O3 can be used at the entrance of the reformer, while catalysts that are active at low 
temperatures (less than 220 oC) such as CuO/ZnO/Ga2O3 can be used at the exit region of the 
reformer.  
The second point is that the combustion rate expressions should be improved for future 
works. In this work, Pt/Al2O3 catalyst was used for the combustion reaction. Pt/Al2O3 is a 
promising catalyst for microchannel plate heat exchanger methanol reformers because methanol 
can be self-ignited over the Pt/Al2O3 catalyst. Therefore, methanol combustion can also be used 
for the start-up process of the reformer. However, the rate expressions should be improved to find 
the optimum inlet parameters for the combustion reaction. In addition, anode off-gas from the HT-
PEMFC can be also used to provide heat to the reforming side after the start-up process; but 
accurate rate expressions should be defined to incorporate anode off-gas combustion into the 
model. Furthermore, a 1D catalyst layer was used for the combustion side in this study. To account 
for the internal mass transfer limitations of the combustion catalyst, the model could be expanded 
for future works.  
The last point that should be considered is to obtain  a solution on a thin catalyst layer 
coating. In particular, the computational time increases when the model is expanded to account for 
the internal mass transfer limitations of the combustion catalyst. There can also be serious 
convergence issues when obtaining solutions on thin catalyst layer coatings. To solve these issues, 
a reduced order model based on regression analysis could be used. Firstly, the catalyst 
effectiveness factor across the reformer length can be estimated, then some equations can be 
defined to estimate the catalyst effectiveness factor across the reformer length. These equations 
 
147 
can be implemented in the model. Therefore, the thin catalyst layer domain can be removed from 
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Supporting Information of Chapter-3 
 
Figure S1 Schematic of methanol reformer system. 
 











Mixes the methanol and water. Fortran calculator is used to define the 
S/C ratio. 
PUMP Pump Increases the pressure of the methanol-water mixture. 
HX1 MHeatX Provides enough heat to vaporize the methanol-water mixture. 
HX2 MHeatX 
Provides heat to reach the desired inlet temperature of the reactants to 
the reformer. 
MSR RGibbs Used to estimate the methanol reformate syn-gas composition. 
HX3 MHeatX 
Decreases the syn-gas temperature to the fuel cell operation 
temperature. In addition, this block is used to increase the cathode air 
temperature. 
SEP1 Sep 
Separates unused hydrogen and the inert gases in the anode. The 
unused hydrogen is calculated with Fortran Calculator. 
HX4 MHeatX 
Increases the cathode air temperature to the operation temperature of 
the fuel cell. Heat is provided using the hot flue gases. 
SEP2 Sep Separates unused air in the cathode. 
RSTOIC Rstoic Used to calculate the water production in the fuel cell. 
MIX2 Mixer Mixes anode-cathode off gas. 
COMB RGibbs 
Estimates the heat production of the anode-cathode off gas 
combustion. Heat that is produced in the combustion is used for the 
methanol steam reforming process. 
COMPR1 Compr Increases the pressure of the air that is used to cool the fuel cell stack. 
HX5 Heater 
Provides heat to the cooling air. The amount of heat that is removed 
from the fuel cell stack is calculated with Fortran Calculator. 
COMPR2 Compr 
Increases the pressure of the cathode air. The amount of the cathode air 
is calculated with Fortran Calculator. 
Further Explanations: The power generation of the fuel cell stack and the balance of the plant 
components are estimated using the equations in Chapter-3. The equations are used in Fortran 
Calculator in Aspen Plus to estimate the fuel cell voltage, power generation of the fuel cell, net power 











Figure S3 Voltage losses due to CO in the reformate gas with the variation of the reformer 
temperature and the current density. (a) Tcell=160 [oC], (b) Tcell=170 [oC], (c) Tcell=180 [oC], and 








Figure S4 Voltage losses due to CO in the reformate gas with the variation of the steam-to-carbon 
ratio and the current density. (a) Tcell=160 [oC], (b) Tcell=170 [oC], and Tref=240 [oC], cathode 
stoichiometric ratio=2. 
 
The heat exchangers in the below figures are shown in Figure 3-1 in chapter-3. The 
results are added to show the effects of the different parameters on the heat duties of the heat 
exchangers. 
 
Figure S5 Change of the heat rate which is removed from the HX1 with the variation of the 
reformer temperature and the hydrogen utilization ratio for 350 W power production from the fuel 






Figure S6 Change of the heat rate which is transferred to the HX2 with the variation of the 
reformer temperature and the cathode stoichiometric ratio for 350 W power production from the 








Figure S7 Change of the heat rate which is transferred from the HX3 with the variation of the 
reformer temperature and hydrogen utilization ratio for 350 W power generation from the fuel cell. 
(a) Cathode stoichiometric ratio=2, (b) Cathode stoichiometric ratio=5. Tcell=160 [oC]. 
 







HX1 Equals to reformer temperature 160 
HX2 25  160 







Supporting Information of Chapter 5 
Physical Properties 

















   𝑖𝑗 = ( 𝑖 𝑗)
1
2  𝐴 = 1.06036  𝐵 = 0.1561 
𝐶 = 0.19300  𝐷 = 0.47635  𝐸 = 1.03587  𝐹 = 1.52996 














Ω𝐷: Diffusion collision integral [dimensionless] 
𝜎𝑖𝑗: The characteristic length [Å] 
𝑀𝑖 , 𝑀𝑗: Molecular weights of i and j [g/mol] 
𝑘: Boltzmann`s constant- 1.3805x10−23 [J/K] 
: The characteristic Lennard-Jones energy [J] 
 
 
Table B.2 The characteristic length and Lennard-Jones Potentials [253]. 
Substance 𝜎 [Å] /𝑘  [𝐾] 
CH3OH 3.626 481.8 
H2O 2.641 809.1 
H2 2.827 59.7 
CO2 3.941 195.2 
CO 3.69 91.7 
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Table B.3 Viscosity constants for components [256]. 
Component a b c d 
CH3OH 3.0663E-7 0.69655 205 0 
H2O 1.7096E-8 1.1146 0 0 
H2 1.797E-7 0.685 -0.59 140 
CO2 2.148E-6 0.46 290 0 
CO 1.127E-6 0.5338 94.7 0 
 
Table B.4 Thermal conductivity constants for components [256]. 
Component c1 c2 c3 c4 
CH3OH 5.7992E-7 1.7862 0 0 
H2O 6.2041E-6 1.3973 0 0 
H2 0.002653 0.7452 12 140 
CO2 3.96 -0.3838 964 1860000 
CO 5.9882E-4 0.6863 57.13 501.92 
 
Table b.5 Specific heat capacity constants for components [205]. 
Component ∝ ∝1 ∝2 ∝3 
CH3OH 19.0 9.152E-2 -1.22E-5 -8.039E-9 
H2O 32.24 0.1923E-2 1.055E-5 -3.595E-9 
H2 29.11 -0.1916E-2 0.4003E-5 -0.8704E-9 
CO2 22.26 5.981E-2 -3.501E-5 7.469E-9 
CO 28.16 0.1675E-2 0.5372E-5 -2.222E-9 
 
Kinetic Parameters 
a. Reaction kinetic model of Jiang et al.[246] 






𝑘1 = 5.307𝐸12 exp (
−105000
𝑅𝑇
) [𝑚𝑚𝑜𝑙 𝑘𝑃𝑎−0.296 𝑘𝑔−1𝑠−1] 
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b. Reaction kinetic model of Purnama et al. [120] 
Rate expressions [𝐦𝐨𝐥 𝐠𝐜𝐚𝐭




𝑟𝑟𝑊𝐺𝑆 = 𝑘2𝑃𝐶𝑂2𝑃𝐻2 − 𝑘−2𝑃𝐻2𝑂𝑃𝐶𝑂 
𝑚 = 0.6; 𝑛 = 0.4 
Rate constants 




−1  𝑠−1] 
𝑘2 = 6.5𝐸9 exp (
−108000
𝑅𝑇
) [𝑚𝑜𝑙 𝑏𝑎𝑟−2 𝑔𝑐𝑎𝑡
−1  𝑠−1] 
𝑘−2 = 4𝐸7 exp (
−67000
𝑅𝑇
) [𝑚𝑜𝑙 𝑏𝑎𝑟−2 𝑔𝑐𝑎𝑡
−1  𝑠−1] 
c. Reaction kinetic model of Sa et al.[143] (model-1) 
Rate expression [𝐦𝐨𝐥 𝐤𝐠𝐜𝐚𝐭




𝑎 = 0.47; 𝑏 = −0.55; 𝑎𝑛𝑑 𝛼 = 0.30 
Rate constant 
𝑘1 = 3.9𝐸9 exp (
−104000
𝑅𝑇
) [𝑚𝑜𝑙 𝑏𝑎𝑟0.08 𝑘𝑔𝑐𝑎𝑡
−1  𝑠−1] 
d. Reaction kinetic model of Peppley et al.[138] 
Rate expressions [𝐦𝐨𝐥 𝐤𝐠𝐜𝐚𝐭















































































Kinetic Parameters [138, 152, 309] 
Kinetic Parameter Value 
𝑘𝑅 7.4𝐸14 exp (−
10200
𝑅𝑇
) [𝑚2 𝑚𝑜𝑙−1 𝑠−1] 
𝑘𝐷 3.8𝐸20 exp (−
170000
𝑅𝑇
) [𝑚2 𝑚𝑜𝑙−1 𝑠−1] 
𝑘𝑊 5.9𝐸13 exp (−
87600
𝑅𝑇
) [𝑚2 𝑚𝑜𝑙−1 𝑠−1] 
𝐾𝑅 exp(−






































































𝑇  7.5E-06 [𝑚𝑜𝑙 𝑚−2] 
𝐶𝑆1𝑎
𝑇  1.5E-05 [𝑚𝑜𝑙 𝑚−2] 
𝐶𝑆2
𝑇  7.5E-06 [𝑚𝑜𝑙 𝑚−2] 
𝐶𝑆2𝑎
𝑇  1.5E-05 [𝑚𝑜𝑙 𝑚−2] 
𝑆𝐶 102,000 [𝑚
2 𝑘𝑔−1] 
 
 
 
 
 
 
 
